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ABSTRACT 
The topics of interest in surface science are introduced 
together with SOlOO of the experimental teclmiques used in their 
investigation. In partirular the teclmiques of Auger Electron 
Spectroscopy (A.E.S.) and Characteristic Energy Loss Spectroscopy 
(C.E.L.S.) are outlined in detail with an awraisal of recent 
developments in these subjects. 
The design and ccnstruction of an apparatus sui table for 
perfonning electron stimulated surface investigations is described. 
The apparatus incorporates a double pass cylindrical mirror type of 
energy analyser with a mininun operating resolution of 0.7\, suitable 
for AES and CElS. Additional features of the apparatus are in-situ 
target cleaning facilities and a pure gas admittance system. A 
suitable pmping arrangement to evacuate the apparatus to ultra high 
vacuum pressures (~ 10-10 Torr.) is outlined as well as the electronic 
detectim circuitry needed to obtain an ootput proportional to N(E), 
N' (E) or N" (E) of the secondary electron emission spectnun. 
The apparatus constructed was used to perfom experiments cm a 
IlUlli>er of selected materials. Detailed Auger spectra of Au, Mo, Sb, 
SbZ03, SbZS3, Bi and Biz03 are presented together with measurements 
of their characteristic energy losses. Transitims are ass~ed to 
the observed Auger peaks and the characteristic losses are interpreted, 
by canparison with optical properties, in tenns of volune plasmons, 
surface pJ.aSJll)ns and interband transiticns. The Auger spectra of an 
ENSSE stainless steel surface is also presented. 
A nunber of interesting results emerged £ran the experiments 
perfomed. A previoosly undetected surface plasmal oscillaticn on a 
molybdenum staface was identified and the strmg biSDIJth Auger peak 
C'" 100 eV) was found to contain considerable fine structure. 'I'l¥! 
3 diorption of Jllre oxygen on polycrystalline molybdenum investigation 
showed that the initial sticking coefficient increased by a factor of 
about one hmdred when sulpmr contamination was introduced m to the 
clean MO surface. 
Chemical shifts of the Sb M'-lN Auger peaks from antinDty oxide 
are reported. The energy shift is interpreted as partially due to 
a change in the binding energy of the core level electrms and 
partially due to a decrease ('" 5 eV) in the extra atanic relaxation 
energy as a consequence of the chemical canbination. 
Considerable electron beam :induced effects en molybdeIun, 
anthnonyoxide and antinDly sulphide are reported. The thesis 
concludes with suggestions for future studies. 
OiAPTER 1 
INTRODOCTION 
It has been known for sane time that men a solid surface is 
banbarded with radiation it may emit electrons. If the incident 
radiation is in the form of photons, the emitted electrons are termed 
photoelectrons and when it consists of electrons or other particles 
the resulting electrons are called the secondary electrons. Basically 
the incident particles dissipate their energy by undergoing many inter-
actions and excitations within the solid resulting in the emission of 
electrons and other particles. In particular the emitted electrons 
can contain useful information about the surface such as the electronic 
structure, the species of atoms present and the chemical envirol111ent of 
these atans. 
We are concerned in this thesis with the study of selected 
material surfaces by stimulating the emission of electrons with 
incident electrons of energy up to 3 Kev. Fig. 1.1 shows schematically 
the secondary electron emission (SEE) spectrum excited, by a monoenergetic 
primary electron beam of energy Ep. Most of the secondary electrons 
emitted are due to random processes within the solid (the true secondaries) 
but two features are present in the SEE spectrun which make it important 
for surface investigations. Firstly superimposed on the large SEE 
background are several small peaks identified as being duf; to the 
exci tation of Auger processes, from these the atomic species present on 
the surface can be identified. The characteristic losses observed just 
below the elastically reflected primaries are the other important 
feature of the SEE spectrum and fram the losses important information 
about the loosely bound electrons of the solid can be deduced. These 
1 
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Fig.l-l. The secondry electron emission (SEE) spectrum excited 
by primary electrons of energy E • P 
two properties of the SEE spectrum }Ulve been fairly recently developed 
into the surface sensitive tedmiques of Auger Electron Spectroscopy 
(A.E.S.) and Characteristic Energy Loss Spectroscopy (C.E.L.S.) and 
both are of considerable current research interest. 
Characteristic energy losses in solids have been observed since 
th~ 19:Y)'s whereas the Auger process has only become a useful tool for 
surface analysis since 1968. A.E.S. is particularly important because 
the atomic species present on a surface can be identified hence a "clean" 
surface characterised for other measurements to be performed. There 
has been considerable wrk on the study of elements using these two 
teChniques independently and since 1968 a number of investigations have 
been reported in which the two spect ros copies have been used in 
conjtmction. The presence of surface contaminants can influence the 
characteristic losses observed so that it is important to record loss 
measurements fram an A.E.S. cllaracterised surface. 
The subject matter of this thesis is intended as a contribution 
to the surface study of selected materials. We aim particularly at 
obtaining detailed Auger and energy loss spectra from pure elements and 
then proceeding to observe the changes produced upon chemical canbinat-
ion. To realise these aims, a sui table high resolution, high 
sensitivity apparatus was designed and constructed as a part of the 
research programme. 
Surface science is a multi-disciplinary subject ~ch has undergone 
rapid developnent in the past few years. In the following sections 
of this chapter sane of the phenomenm occurring at surfaces and the 
teclmiques used in their investigation are briefly described.· In 
Chapter Two Auger Electron Spectroscopy is reviel\1ed ldth Chapter Three 
devoted to Characteristic Energy Loss Spectroscopy, particular 
emphasis being placed on the more recent developnents in these 
2 
teclmiques. Chapter Four describes the design, construction and 
operation of a suitable apparatus for A.E.S. and C.E.L.S. The 
remaining chapters are devoted to presenting the results fran the solid 
surfaces: stainless steel, gold, molybdenun, antimony, its oxide and 
sulphide, and finally bismuth and its oxide. The final chapter is 
concerned with general cmclusions and suggestions for further work. 
* * 
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1.1 Surface Science 
The properties of a bulk material ate detennined by the munber, 
relative positions and types of atoms it contains. Some properties 
can be related in a straight forward manner to the chemical composition 
and to the crystal structure by using the band theory of solids, for 
example the division of crystalline solids into insulators, semi-
conductors and conductors. This century has seen an enonnous progress 
in the mderstanding of the bulk properties of solids so that 
concentration has begm to be focussed on to understanding the surface 
properties. The subject of surface science is the study of the 
chemical cOJ1llosi tims and atanic arrangeJlEnts at the surfaces of solids 
and the theory and observation of their mechanical, electronic and 
chemical properties. As in the study of bulk solids the ultimate 
aim is to mderstand the relationship between the properties, the 
OOJ11>osition and the structure of surfaces. 
The surface is nonnally thought of as the top few atomic layers 
of a solid. Now bulk properties are detennined by a three-dimens'l<l1a1 
arrangement of atoms whereas at a surface there is only a 'two-
dirensional arrangenent with the additional influence of the interface. 
The neasurement and understanding of phenomena at a surface is one of 
great scientific interest and enonnous tecimol6gical significance, how-
ever it is only since the improvement in vacwm teclmology has allOl\led 
ultra high vacuum pressures to be obtained as a matter of routine 
together with the development of A.E.S., L.E.E.D. (Low Energy Electrm 
Diffraction), and other related techniques to characterise a surface 
that an explosive growth in surface science has occurred. 
The variety of processes occurring at a surface is so large and 
involves such a wide spread of academic disciplines that mly a few of 
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the inl.><>rtant areas of research can be menticned in this introduction:-
(i) Surface States. These are localised electron energy 
levels occurring at a crystal surface Which may be explained as 
a consequence of the electrcn wave function matching Which needs 
. £ 1,2 to occur at an Inter ace • The importance of surface states 
is in semi-conductor device teclmology since they strongly 
influence the characteristics of all planer devices, for 
instance in the field effect transistor the surface state 
density needs to be reduced for successful device operation. 
(ii) Atomic and J.blecular Events at the Solid-Gas Interface. 
The interaction of gases 1dth a solid surface is of teclmological 
importance in catalysis, corrosion and oxidation. The two main 
types of interaction between the solid and gas, i.e. chemisorptim 
or physisorption and the role of surface structure and chemical 
composition an rates of reaction are of importance but, as yet, 
not well mderstood. 
(iii) Surface Thermodynamics and Kinetics. Supposing a surface 
is formed by cutting through a solid parallel to a chosen plane. 
The atoms of the exposed surface will mdergo re-arrangenent to 
an equilibrium, in accordance with the principles of 
thennodynamics, to minimise the surface energy. The phenomenon 
of nucleation at surfaces and the migration of atoms en a 
sm-face are important in crystal growth and the preparation of 
epi taxi a1 thin films, as the growth generally involves the 
deposition of atoms upon single crystal sm-faces mder such 
ccnditions that the arriving atans can diffuse about and build 
up a three-dimensional array. Thus the kinetics of adsorbed 
atoms on single crystal surfaces is ftmdamental to an mder-
standing of crystal growth. 
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(iv) Electron Enti.ssim and Reflection. A berun of electrons 
or other energetic particles striking a solid surface can 
stimulate many interactions and excitations which may result 
in the emission of electrons. For a surface bombarded with 
a bemn of electrons of energy Ep (the primary bemt) the 
ejected electron distribution is referred to as the secmdary 
electron emission (S.E.E.) spectrt111, as shown in Fi~. 1-1. 
As ~ntimed previously these ejected e1ectrms can contain 
considerable useful information about the surface; in addition 
the secondary electron yield, which is the total nU1lber of 
electrons emitted per incident electron, also depends on the 
surface properties. The study of electron and photon 
stimulated emission from solids has led to and is still leading 
to the develoymmt of many, quite sophisticated, instnments 
for surface investigation. 
Another area of interest is thennionic EIltissim fron 
surfaces. This is important in electronic devices and as a 
source of electrms in oscilloscope tubes and electron 
microscopes. The n.uni>er of electrons emitted at a given 
temperature depends not m1y an the material but also on the 
presence of any chemical cmtaminants and the crystallographic 
orientation of the emitting face. 
Cv) BlectrochemiCalpmcrties, SOli~L~ '!!!7d!S!' 
Hany chemical reactions take place when an electrical current is 
passed through a solutim. The electric current is usually 
passed by inserting t1«) electrodes into a solution. The nature 
of the electrode material and its surface structure affect the 
transfer of charge between the solid and electrolyte and hence 
the nature and rate of any reactim occurring at the interface. 
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(vi) Atanic Structure of Crystal Surfaces. A munber of 
important questiens arise about the atomic structure of 
crystal surfaces. When a crystal is cleaved do the atoms in 
the top layer retain the same positions as in the bulk or 
does sane rearrangement eecur? What is the lattice parameter 
for surface atans? en a'dsorptim what kind of super lattice 
do the atans form? Where do the adsorbed atans sit relative 
to the substrate atoms? These are all fundamental questions 
of broad interest in surface science. 
1.2 Experbnental Techniques of Surface SCience 
A ntDllber of teclmiques have been developed over the past ten 
years to study surfaces. Two of the most fundamental questions asked 
about a surface are firstly what is its surface canposition and secondly 
how are the surface atans arranged? Consequently ~ of the most 
widely used tedmiques in surface science are low energy electrm 
diffractim (L.E.E.D.) by means of which the surface structure can be 
detennined and A.E.S. which can identify the species of atans present. 
In Table 1-1 a JUIIlber of other methods used in surface analysis are 
stmmarised en the basis of the incident and ejected particles. The 
techniques available commercially are underlined in this table. 
Each method of investigation provides different information 
about a surface and the applicabi1i ty of the varirus teclmiques for 
detennining the different physical properties, are SUI1Inarised in 
Table 1-2. The usefulness of a technique will depend on the 
particular property of interest and the material to be investigated, 
generally it is best to use several techniques in conjmctim. It 
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TABLE 1-1. Methods of ' Surface ATialysis 
Incident Emergent Particle 
Particle XR e I<l'lS 
tN 'UPS (PD) 
XR ~ XPS 
e APS AES, IS (En) 
HNS lEX INS ISS SIMS 
-' -
UPS - Ultraviolet Photoelectron Spectroscopy 
PD - Photodesorption 
XRF - X-ray Fluorescence 
XPS - X-ray Photoelectron Spectroscopy 
APS - Appearance Potential Spectroscopy 
AES - Auger Electron Spectroscopy 
IS - Ionisation Spectroscopy 
ED - Electron Desorptian 
lEX - Ion Excited X-rays 
INS - Ion Neutralisation Spectroscopy 
155 - Ion Scattering Spectroscopy 
500 - Secondary Ion Mass Spectroscopy 
TABLE 1-2. Canmmly used tecimiques for mqasuring 
the chemical, geometric arid electronic 
pTOp!rties of surfaces in ultra high 
varum 
Phys ieal Property 
Atomic identity of surface 
species 
Atomic geanetry of surface 
species 
Surface diffusion 
Surface electronic excitation 
spectra. and valence band 
spectra 
Tip r~ometry 
Atom probe 
F.I.M. 
F.r.M. 
F.E.M. with 
electron energy 
distribution 
Plane Ceometry 
A.E.S., X.P.S., 
I.S.S., S.I.M.S. 
L.E.E.D., S.E.M. 
R.H.E.E.D. 
L.E.E.D. 
u.P.S., X.P.S., 
I.N.S., A.P.S., 
C.E.L.S., A.E.S. 
nust be stressed that the methods of investigation mentioned in 
Tables 1-1 and 1-2 are nonna1ly used in an ultra high vacuum 
envirCJ'lJlent. 
Tables 1-3 and 1-4 sl.lll1larise the properties of the incident and 
emergent particles of the various techniques and Table 1-5 displays 
the voltune of material analysed in a typical application of a 
technique. Same spectroscopes are more sensitive than others and 
Table 1-6 presents figures for the smallest concentration of a 
typical element which can be detected by a particular teclmique. 
These tables are based on a series of lectures the author attended at 
an S.R.C. SUJJIIler school on surface science3• 
We now pmceed to give brief descriptions of a few of the 
important techniques used in surface science. 
(i) ~. (Low Energy Electron Diffraction). This is used 
to study the stru::ture of surfaces and the structural changes 
produced during a surface reaction. The electrons are 
nonna,lly incident on a crystal surface, and are only of 
sufficient energy (~500 ev) to penetrate the first few atomic 
layers. Abrut 1\ of the incident electrons lUldergo elastic 
Oll1isims with the surface atans (the elastic peak in Fig. 1-1) 
and these give rise to the diffraction pattern. The 
inelastically scattered electrons are filtered rut by a grid, 
the elastically reflected electrons prentrate this grid and 
are then accelerated to a high voltage (~S KeV) and impinge 
upon a flrurescent screen to produce a light spot. The 
diffraction pattern obtained can be used to determine the 
surface structure. 
(ii) RImED. (Reflecticn High Energy Electron Diffraction). 
This technique is also used to stuiy the structure of surfaces. 
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TABLE 1-3. Properties of the Incident Particles 
Technique Particle Energy Incident Flux 
UPS Photms HeI 21.2 eV HeII : 40. 8 eV 
NeI 16.8 eV NeII : 26.9 eV 
XPS PhotClls AlKa 1486.6 eV Source power 
~1gKa 1253.6 eV Variable 100-
1(lX) watts 
APS Electrons 0-1500 eV, variable 1-6 mA. emissioo 
during expt. 
AES Electrons 2-5 keV, fixed 10-3.10 l!A 
IS Electrons 0-1500 eV, variable I-SO pA 
+ + 
20-500 keV, fixed 10-9~10-6Nan2 !EX I~s, Ar , N , 
C , protons, 
etc. 
+ 10-9 A INS loos, He tU 5 eV, fixed 
+ 2-40 keV, fixed 10-8_10-6 A ISS Im~, He+, 
Ar,Ne 
SIM3 Ions, Ar 
+ 
1-4 keV, fixed 10.9 _10-6A/cm2 
TABLE 1-4. Properties of the FJnergent Analysed Particles 
Technique Particle Energy 
UPS Photoelectrons o - 20 eV 
XPS Photoelectrons and Auger o - 1500 eV 
electrons 
APS Soft X-ray photons o - 1500 eV (thresholds) 
AES Auger electrons o - 2000 eV 
IS Characteristic Loss o - 1CXXl eV 
IEX X -ray photons ° -10,<m eV 
INS Auger electrons o - 20 eV (valence band) 
ISS Elastically scattered El/Ep = 0 ... 1 
ions 
SIH) Secondary loos (positive o - 500 amu 
or negative) 
Teclmique 
UPS 
XPS 
APS 
AES 
IS 
!EX 
INS 
ISS 
SIMS 
TABLE 1-S. Volume of Analysed Region 
Depth of analysis, 
monolayers 
1 - 6 
1 - 8 
1 - 5 
1 - 4 
1 - 6 
1 - 50 
1 - 6 
1 
1 - 2 
Spatial resolution 
Large area 
0.1 - 30 nm 2 
Large area 
-8 2 10 - 0.1 nrn 
-8 2 10 - 0.1 nrn 
1 - 6 nun2 
Large area 
1 - 3nm 2 
3 nun2 
TABLE 1-6. Elemental Sensitivities 
Teclmique Ultimate Sensitivi!r 
mono layers 
UPS 0.5 ? 
XPS '" 10-3 
APS '" 10-2 
AES '" 10-3 
IS '" 10-2 
IEX '" 10-5 
INS '" 5 x 10-2 
ISS '" 10-3 
SIM3 '" 10-6 
A high energy electron beam ~ 40 KeV) is incident on a specimen 
at grazing inaidence so that it is reflected and diffracted 
mly by the surface atomic layers. Surface imperfectims nomal 
to the surface can be investigated using this teclmique. 
More recently SHEED (Scanning High Energy Electron Diffraction) 
has become commercially available from Vacuum Generators Ltd. 4 
(iii) A.E.S. 5 ,6 and C.E.L.S. A.E.S. is a widely used 
technique to identify the species of atoms present on a surface. 
These two techniques are more fully discussed in Chapters Three 
and Four. For the case of electron stinulated emission from 
surfaces (Fig. 1-1), the Auger peaks appear small in canparism 
with the large SEE backgromd and they may be enhanced by 
differentiating the emmision spectrum. The electron stimulated 
A.E.S. technique is easy to use and camnercial apparatus of 
good sensitivity and resolution are available. The characteristic 
energy losses appear as structure just below the elastic peak in 
the SEE spectrum, whereas the losses are fixed in energy relative 
to the elastic peak, the Auger features are fixed in position 
relative to the energy zero. 
(iv) XPS7 and UPS (X-ray and tntra Violet Photoelectron 
Spectroscopy) • Photons of energy h v from a suitable source 
(Table 1-3) strike the specimen exciting several processes within 
the solid. A photo electron can be emitted with kinetic energy 
T • hv - EB where EB is the binding energy of the electron or an 
Auger transition may be excited. X-rays can also be emitted 
fran depths up to 20,000 AO (XRF in Table 1-1). Because of the 
higher energy of the X-ray photms )(PS will probe electrons in 
the core levels of the atans ~ereas UPS will only excite the 
valence band electrons of solids. By analysing the ejected 
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particles the binding energy of the electrons within the 
specimen can be deduced so that elemental identification, at 
least with ){PS, is possible. Addi tionally chemical effects m 
the binding energy of the electrms can be studied. Photons 
cause less radiation damage that electrons and little or no 
surface charging of the specimen but the cross .sectim for 
photo-electrm emission is small and intense sources cannot be 
obtained so that long counting times are needed for photo-
electrm spectroscopy, nevertheless XPS and UPS are powerful 
techniques for probing the electrmic structure of solids. 
(v) F.I.M. (Field Ion Microscopy). This teclmique was 
originated by MUller (1951)8 and has the ability to detect 
directly the positions of atoms on a surface. The specimen is 
prepared in the fom of a sharp tip to ~ich a positive potential 
is applied so that a field of the order of 5 x 108 volts ens:l 
is present at the tip surface. ~..nlec1es of the imaging gas 
(usually He or Ne at a pressure of ",2 x 10-3 Torr.) move towards 
the tip and collide with it losing an electrcn, to the tip, by 
quantun mechnaical tmnelling. The resultant +ve ion is 
accelerated away from the tip in the large electric field and 
strikes a fluorescent screen. The spots of light can in the 
ultimate obtained resolutiat correspond to individual. atans on 
the tip. A Field Emission Microscope (F.E.Mo) has also been 
developed. The field at the tip is now reversed and no imaging 
gas is used, electrcns are then accelerated out of the surface 
by the very high local field towards the flourescent screen. 
FIM and mM have the disadvantage that a special tip geanetry 
is required nevertheless the teclmiques are useful for studying 
the diffusiat of atoms CIl a surface. 
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(vi.) The Atom Probe. By combining a field ion microscope with 
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an aperture and mass spectrometer MIller and Tsong (1969) ~re 
able to detect and identify individual atoms. This is the 
ul tirnate in chemical sensi tivi ty, but again the teclmique is 
limited to rather special geametries. 
(vii) S.l.M.S. and 1.S.S. In Sn.1S (Secondary Ion Mass 
10 . + + + Spectroscopy) lons of a rare gas (Ar J Ne J He ) are formed 
into a beam and focused on to the surface of a solid. If the 
Xncident ions are sufficiently energetic (~500 ev) they interact 
in a nearly classical manner with the atoms knockinl! them into 
the vacuum with billiard ball like collisions. Sane of the 
ejected particles are ionized and can be detected by a mass 
spectrometer. The high sensitivities of quadrupo1e mass 
spectrometers and e1ectrom multipliers means that 10-6 of a 
monolayer can be detected by this method. However, the 
teclmique is surface destructive although the rate of renoval 
of atoms can be controlled and in fact made quite small. 
Another similar spectroscopy is I.S.S. (Ion Scattering 
Spectroscopy) in which a primary beam of nearly mono-energetic 
ions is incident en the specimen surface. Sane of these are 
scattered by the surface without neutralisation and the scattered 
current J in a particular direction J is measured as a nmcticn of 
energy with a suitable energy analyser and detector. The 
interesting feature of the scattered ion rurrent is the 
occurrence of peaks corresponding to energy losses of the 
primary which are characteristic of the masses of the surface 
atoms. The collisions can be treated as two body elastic 
collisicns and fran the energy of the incident particle and its 
mass and the energy of the peak, the mass of the surface atan 
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can be computed and:-hence the atom identified. 
(viii) A.P.S. (Appearance Potential Spectroscopy)lO,ll. A 
solid surface is banbarded with electrms and the total soft 
X-ray yield is detected as a function of the incident electrm 
energy, (SXAPS). M1en the energy of the incident electrms is 
in excess of the binding energy of a core electron, there is 
the possibility of exciting this electron to an empty state 
above the Fenni level. It is nonnally asStDned that the 
de-excitation process leads to a contribution to the observed 
X-ray intensity. The technique can be used to probe the empty 
states above the Fermi level. 
(ix) I.N.S. (Ion Neutralisation Spectroscopy). This has been 
12 developed by Hagstrum. Slow Helium or Neon ions are directed 
at clean metal surfaces, for an im in contact with the metal 
surface an electron can tunnel through the potential barrier 
between the metal surface potential and the ionic potential and 
lteutralise the ion. Its excess energy being used to eject 
another electron from the conduction band. The prooess is 
strmg1y analogous to an Auger transition. The interpretation 
of INS infonnation is difficul. t and the data requires long 
recording times so that extremely low pressures of '\110-12 Torr 
are needed. So far the technique appears to be used only by 
Hagstrum and his co-workers. 
In conclusion, tJe have briefly outlined why surfaces are studied 
and sone of the teclmiques which may be used in their investigation. 
We now proceed to consider the important features of Auger E1ectrm 
Spectroscopy in rore detail as this teclmique is partiQ1lar1y relevant 
to the work presented in this thesis. 
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CHAPTER 2 
AUGER ELE~ SPECfROSCOPY 
2.1 Introduction 
One of the most important surface characterization teclmiques is 
that of Auger Electron Spectroscopy Which forms the subject matter of 
this chapter. Using this teclmique the atanic species in the first 
few atomic layers of a solid can be identified with sensitivities doWl 
to 10-3 of a monolayer. AES is a surface sensitive technique because 
the inelastic mean free path of e1ectrcns in the energy range of Auger 
transitions (0 - 1000 eV) is only about 10R so that the Auger signal 
originates predaninant1y fran the top few atanic layers of a material. 
The small mean free path for electrons in this energy range is 
illustrated by Fig. 2-1 Which displays the results for the attenuation 
length of electrons in a solid as a ftmction of their energy. This 
diagram is reprodu:ed fran the review of attenuation lengths of 
electrons in solids published by Powe11 (1974)13 and is a summary of 
the results obtained by a large number of workers on different 
materials. 
In any investigation of a surface it is fUndamentally important 
to know the species of atan present m a surface. Apart fran the use 
of AES to detemine smface atanic species there are current 
developments to obtain the cmcentration of a particular species fran 
the intensity of the observed Auger signal and the chemical envirmment 
of the atans fran the energy and fine structure of the observed peaks. 
13 
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Fig. 2-1. The Attenuation Length of Electrons in Solids 
at Different Energies for a Number of Materials, 
from Powe1l(1974)13. 
2.2 The Auger Process 
This is a radiatim1ess rel8JCl!t, tion process by means of which an 
excited atOOl loses energy. It was first discovered in 1925 by Pierre 
Auger14 while studying particle tracks in a c1rud chamber with white 
X-rays. He detected not only photoelectrons but also electrons of 
constant energy irrespective of the X-ray exciting energy. TIle se 
electrons are called the Auger electrons. 
The process can be explained by cmsidering a neutral atom 
which is then excited above its ground state by the creation of a 
"hole" or vacancy within one of its inner shells. This can be most 
efficiently done by electron impact although ions and X-rays are also 
suitable. The created hole has a long lifet~e in comparison with 
the characteristic tDne of ionization so that the de-excitation of the 
ion will be independent of the means or energy of excitation. The 
excited atom may decay towards the gramd state by an electron from 
an outer level occupying the vacancy the difference in energy being 
emitted as a photon (X-ray floure5cence) or as an electron (the Auger 
effect), Fig. 2-2. In the Auger effect the atom is left in a doubly 
ionized state and may cmtinue to de-excite by X-ray or Auger processes, 
in the absence of externally supplied electrons. 
If the binding energy of the electron rerooved to create the 
vacancy is less than about 1 KeV, the probability of de-excitation by 
photon production has been sh<M1 by Burhop15, for initial ionization 
of K and L Shells, to be small and then the Auger process is the 
daninant mechanism of relaxatim. The same is believed true for 
initial ionization of the other shells in the binding energy range of 
o - l(xx) eVe 
The Auger transitions are nonna1ly desi~ated according to the 
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Fig 2-2. Schematic diagram of the Auger process i~volvlng 
the energy levels A,B and C. 
(E) 
Fig 2-3. The backscattering contribution. 
three levels participating in the process. This is done with the 
aid of the X-ray level notation: K - Is, L1 - 2s, L2 - 2PI' L3-2P3/2' 
TIDs if 
a hole is created in the K shell and an e1ectrm fran the L1 shell 
relaxes to fill this vacancy, giving the difference in energy to an 
electron in the L2 shell, the transition is designated KL1L2• The 
Auger transition in Fig. 2-2 is an ADC transition. 
2.3 Auger E1ectronSpectroscopy 
The first person to point out the potential of the Auger process 
as a teclmique for surface analysis was Lander. in 195316 l\ho suggested 
that the technique provided a canp1ement to X-ray emission for the 
detenninatim of energy band densities of states. Hmever Lander's 
work le'lt virtually UIUloticed (perhaps due to the lack of u1trahigh 
vacuum technology) until 1968 l\hen Harris5,17 made the most decisive 
advancement in the use of the Auger process by detecting the Auger 
peaks in the S.E.E. spectrun. The Auger peaks appear as small 
features on a large background in S.E.E., Harris overcame the lack of 
sensitivity by obtaining e1ectrmica11y the differential of the energy 
distributim, i.e. dN(E) ldE. 
Harris used a 1270 dispersive type of analyser not now so 
commonly used. The work of weber and Peria18 and Palmberg (1969)19 
demonstrated the use of existing retarding field type LEED equipnent 
far obtaining Auger spectra fran solid targets by electron excitation 
and the deve10pnent of a cylindrical nirror analyser for AES by 
IS 
Palmberg, Bahn and Tracy (1969) 20, contributed to rapid deve10pnents 
in the investigation and application of Auger Electrm Spectroscopy. 
More recently the subject has been reviewed by several authors2l ,22,6, 
23, 24, and its application to metallurgy, thin films and materials 
aaalysis rutlined. 
2.4 EXcitation of Auger Electrons 
The initial vacancy in an inner atomic level can be created by 
several methods. We cmcentrate on electron induced ionization 
although other methods are also briefly discussed. 
2.4.1 Electron Induced Imization 
This is the most camtm means of excit ing Auger spectra because 
a primary electron beam of high intensity'" looPA in a spot size of 
Smt and with energies up to 5 keY can easily be obtained4• Such a 
beam can be readily focussed and deflected into position by electro9tatic 
fields. The high intensities make possible measurements at good signal 
to noise ratios and therefore high recording speeds are possible for 
Auger spectra. 
The cross-section for ionization by an electron is quite large 
'" 10-19 ans2 and remains constant over a wide range of primary electron 
energies of 2 - 6 times the binding energy of a core e1ectron22• 
The disadvantage of e1ectrm induced ionizatim is that the high 
currents can induce adsorption and desorption effects as well as the 
cracking of mo1eru1es on to the specimen surface. Electron induced 
ionization gives rise to a large secondary backgrotmd upon web the 
Auger peaks are superimposed so that differentiation of the spectrum is 
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necessary to readily observe these features. .An additional complication 
is that a large munber of rediffused secondary electrms cmstitute a 
back scattered Olrrent which is capable of producing additicnal 
ionization so' that the measured Auger Olrrent will not be simply 
related to the primary current and ionization cross-sectim. 
2.4.2 X-ray Induced Ionization 
There has been sane work m the excitation of Auger spectra by 
X-rays nonnally fran Al KCl or Mg KCl sources. There are certain 
advantages in that the spectra can be recorded directly in the NCE) 
mode because the strong "rediffused" primary electron backgrotmd is 
absent. Also the interactim of X -rays with the surface tmder 
banbardment is much weaker than in the electron excited case so less 
degradation is to be expected. The spectra recorded with X-ray 
excitation nonnally has many peaks due to core level excitations in 
addition to the Auger peaks, this can be an advantage as core level 
binding energies participating in the Auger process can be detennined 
s:iJm.1ltaneously with the Auger transition energy. 
The X-ray excitation method has the disadvantage that long scan 
times are needed to record the spectra due to the Wlavailability of 
high intensity X-ray srurces. Also the primary excitation energy of 
the photons is fixed so that maximisatim on the ionization cross-section 
is not possible to observe a particular transition. The cross-section 
for X-ray induced ionization decreases with reduced energy whereas it 
increases for electrm induced ionization, Barrie(l975)25: 
2.4.3 Protm and Ion induced Ionization 
High energy protons (4 Hev)26 or ions (60 Kev)27 can also be 
used to produce core holes in the surface region within the escape depth 
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of the electrcn impact excitation but the method has the disadvantage 
that a high energy accelerator is needed for the incident particles 
and only low beam currents C'" IpA.) are obtainable. Additionally some 
sputtering of the surface layers cannot be avoided. Nevertheless the 
study of Auger transitions by ion and proton bombardment is increasing 
in popularity and recently there have been t\\U reviews of surface 
analysis by heavy icn induced Auger electrons, one by Groeneve (1975)29 
and the other by Viel et al(1976) 27. 
2.5 Energy of Auger Electrons 
There are a munber of semi -ernperica1 fonnulae for cal011ating 
the kinetic energies of the Auger electrons. Now the electrnns in an 
atom are in different levels having different binding energies. 
Referring to Fig. 2-2, the initial vacancy is created in level A of the 
atom with the electrons having a binding energy EA' the electron which 
fills this vacancy canes fran level B and has a binding energy EB, the 
Auger electrcn is emitted fran level C having a binding energy Bc. 
Then the s~lest fOnrn.lla for the kinetic energy T of the emitted 
electron is , 
T • E -E -EC A B Eq. 2-1. 
Now EC is the binding energy of the e lectrm when the atom is 
aIready singly ionized. Burhopl5 suggested that as an approximatim 
to the binding energy of an electrm such as C in a singly charged ion, 
one can use the binding energy of the equivalent electron :in the atom 
of the next higher atanic number. This is the equivalent core 
apprOXimatim, then 
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of low energy Auger electrcns. The straight line trajectories of the 
incident ~articles largely eliminate the back scattering contribution 
of the electrcn impact excitation but the method has the disadvantage 
that a high energy accelerator is needed for the incident particles 
and only low beam currents C'" IpA) are obtainable. Additionally some 
sputtering of the surface layers cannot be avoided. Nevertheless the 
study of Auger transitions by ion and proton bombardment is increasing 
in popularity and recently there have been two reviews of surface 
analysis by heavy im induced Auger electrons, one by Groeneve (1975)29 
and the other by Viel et al(1976) 27. 
2.5 Energy of Auger Electrons 
There are a ntunber of semi -ernperical fonnulae for calOllating 
the kinetic energies of the Auger electrons. Now the electrons in an 
atom are in different levels having different binding energies. 
Referring to Fig. 2-2, the initial vacancy is created in level A of the 
atom with the electrons having a binding energy EA' the electron Mlich 
fills this vacancy canes from level B and has a binding energy EB, the 
Auger electrm is emitted fron level C having a binding energy Ec. 
Then the sinl>lest fornrula for the kinetic energy T of the emitted 
electron is, 
Eq. 2-1. 
Now EC is the binding energy of the electron when the atom is 
already singly ionized. Burhop15 suggested that as an approximation 
to the binding energy of an electrm such as C in a singly charged ion, 
one can use the binding energy of the equivalent electron in the atom 
of the next higher atanic number. This is the equivalent core 
approximatim, then 
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Eq. 2-2 
From a knowledge of the binding energies of the electron levels 
the kinetic energy of an Auger electron can be calculated. The 
binding energies of the electrons of an atan as deduced fran X-ray 
emission data have been published by Bearden and Burr (1967)30 and more 
recently by Servier (1972) 31, who surrmarises the values obtained fran 
photoelectrm spectroscopy and X-ray emission. Using equation 2-2 
and the binding energy values published by Bearden and lbrr, Packer 
and Wilson32 have compiled the energies of possible Auger transitions 
for the elements 3 < Z ~ 88, in the energy range 0 - 1550 eV. 
Other fonnulae have also been proposed for the kinetic energy 
of the Auger electron. Bergstrom and Hill (1954)33 suggested the use 
of a correction factor If, (B-1) to obtain agreement between measured and 
calculated values where 
'Then, 
T • EA CZ) - EB (Z) - EC(Z) - AE(BH) Eq. 2-3 
This formula attempts to account for the fact that the Auger 
electrm is escaping from the field of tw holes. Bergstran and Hill 
fOlmd that values of b.Z be~en 0.54 - 0.76 were needed to obtain 
agreement with their experimental 'KLL Auger energies fran mercury. 
Chtmg ,and Jenkins (1970) 34 have proposed a modificatim to 
equaticn 2-2 based m the following argument. If a direct transiticn 
is described as the one shOWl in Fig. 2-2 for which 'the down. and up 
electrms originate in levels B and C respectively, then. there is also 
an exchange transition in which the dom electron orig:inates :in level 
C and the up electron originates in level B. As the Auger energy is 
the difference between the initial and final states of the atan, that 
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energy must be the same regardless of how the electron re-arrangement 
came about, i.e. whether the .Auger emission. occurred via a direct or 
exchange transition. Quantum mechanically the two possibilities cannot 
be simply distinguished by:neasuring the Auger electrcn energy. Clung 
and Jenkins pointed out that equaticn 2-2 and 2-3 will give tl\U 
different values for the energy of an Auger electron originating fran 
direct and exchange transiticns, ccnsequently they proposed a modificaticn 
of eq. 2-2 to give the arithmetic mean of the direct and exchange 
transitions kinetic energy. Then, 
T - EA(Z) - !(EB(Z) + EB(Z+l)) - ! CEc(Z) + EC(Z+l)) 
Eq. 2-4 
Using this fornula a set of Auger transitions in the energy 
range 10 - 3000 eV have been compiled by Coghlan and Clausing (1972)35,36 
for the elements with atomic nunber Z given by 3 < Z < 92. They have 
also made a crude estimate of the intensity of each Auger transition 
frail the product of the number of electrms in the three levels 
involved. This product called the multiplicity is nonnalised to a 
maxinum of 100 for the largest such product for a given elenent. 
It is difficult to be catagorical about the applicability of 
either fomula 2-2 or 2-4 as they both give the energy of an Auger 
transitim within a few percent of the experimentally determined value. 
The experimentally determined energies are additionally complicated by 
the work function correction of the analyser which is expected to be 
the wrk ftmctim of the entrance slit of the analyser • 4 - 5 eVe 
The fornulae described so far have been of a semi-emperical 
nature, Shirley (1973) 37 has attempted to obtain the energies of the 
KLL Auger transitions by theoretical calculation. Shirley's model is 
baSed at regarding the Auger process as a series of simple steps. 
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The steps for a KLL' transiticn for element Z are, 
- + Z -+ Z (K) + e; 
Z ~ Z (t:) + + e; 
Z (L)+ -+ Z (iI' )2+ + e-
Then the energy for the Auger transition. is expressed as: 
Eq. 2J-S 
where EK, EL' El! are the binding energies of the electrons in the 
neutral atan. FKIJ1 is a final state interactim tern depending 
of the Auger transition and the final state of the atan. R is the 
s 
static relaxatim energy corresponding to a redoction in the binding 
energy of the emitted Auger electron due to relaxation of the 
remaining electrons towards the vacancy created in the process. 
Shirley was able to calculate theoretical values for KLL Auger 
energies for the elements 10 < Z < 100 and obtained good agreement 
wi th the experimental values. Similar calculations have been 
perfonned for the L2 ,3 ~t1 Auger series of arsenic and se1enil.lJl by 
Roberts, Weightman and Johnson (1975) 38, 39. 
Shirley's fonnula has more of a quasi-atanic approach, a 
similar fonnu1a but with a more solid state flavour has been proposed 
40 by Matthews (1973) • The kinetic energy of a KLL' Auger transition 
is then given by, 
Eq. 2-6 
again EK, EL' EL' are the binding energies of the electrons as say 
detennined fran X.P.S., H is the extra energy needed to remove the 
seccnd electron. fran the ion core due to interaction with the other 
core e1ectrcns and P is the extra conduction or valence electron 
polarization energy associated with a double core hole relative to the 
Sl.lJl of the po1arizatim energies of t~ individual ho1e$. 
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2.6 Intensity of Auger Transitions 
The intensity of a given Auger peak (ABC) is equal to:-
Rate of production of the partiOllar core hole involved x a(ABC) 
a (total) 
Where a(ABC) is the specific transition probability 
and a(Total) is total transition probability for an Auger process, 
involving that core level. 
The observed intensity will additionally depend on the 
instrument response ftmction at the energy concerned as well as 
other factors which will be now briefly discussed. 
2.6.1 Coster KronigTransitions 
A Coster-Kronig Auger transition is one in Which the initial and 
a final hole are in the sane shell, ego LlLft, Ll L2L3, MlMff3 etc. It 
is generally believed that electrm impact produces core holes in. the 
various subshells of a partirular shell in rrugh proportion to their 
ocOlpation nunbers. Thus for the L shell ionization, the initial 
vacancy distribution is 1:1:2 for the Ll :tz:L3 subshells. There are 
three things which can happen to the Ll L2 holes. They can tndergo 
X-ray or Auger de-excitation by canbining with electrons in a higher 
lying shell or they can move to a higher lying subshell ~ ... L2, 
L2 + L3, by a Coster-Kronig transition releasing the energy to a 
weakly bound ruter electron. These Coster-Kronig processes are 
extremely rapid where they are energetically possible, Mcguire4l ,42 
has calculated for Ti that the Ll vacancy lifetime is 20 times 
shorter than the Lz or L3 vacancy lifetimes and the probability 
fOr filling a Ll hole from L2 or L3 subshell electransby a Coster-
Kronig transitim is 90\. Thus as fast as ~ holes are created they 
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are shifted to L2, L3 holes. Hence the vacancy distribution appropriate 
for canparism with experiment is probably more like 1:15:25 for the 
Ll , Lz, L3 subshells. For Ag Mcguire (1972) 43 has calculated for the 
M shell that an initial hole distribution of 1:6:10 for Ml : M2,3: M4,5 
subshells beco~s 1: 15: 280 by the action of Coster-Kronig transitions 
enhancing the intensity of the M 4: 5 series of Auger transitions. Tracy 
, 
(1973) was able to ~asre the intensity of the L2 3 VV phosphorus Auger 
, 
peak versus primary beam energy and recorded a kink at the ionization 
energy of the ~ level due to enhancement of the intensity by Coster-
Krmig Jransitims. 
2.6.2 Effect of Prilliary Electt(D Energy. 
The strength of an observed Auger peak depends m the primary 
electron energy E due to the ionizatim cross-section being energy p 
dependent. A qualitative result has been deduced, for most materials 
studied so far, that the Auger electrm yield rises abruptly above the 
threshold for core hole productim to a ma~ value at about 2 - 6 
times the threshold energy and then remains constant. These results 
for the energy of maximun icnization cross-section do not agree with 
theoretically detemined values web tend to reach a maxinn.m at lower 
values of energy, closer to the threshold, and then decrease rapidly 
as the exciting energy is further increased, Neave, Foxm and Joyce 
(1972)45. 
2.6.3 'nle Backscattering Effect 
When a surface is bcDbanled with a beam of electrms of energy 
E imizatim of the surface atans will occur. Now an atan with p 
electrons having binding energy Bc, tdlere Bc ~ Bp, can be iCllized not 
only by the primary electrons but also by all the secondary electrons 
within the solid which have suffered inelastic collisions but Whose 
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energy is still greater than Ec ' that is, all those secondary electrons 
with energy Es when Ec < Es < Ep. The contribution. of these 
electrcns to the Auger intensity is referred to as the backscattering 
46 
cantributim, Fig. 2-3. Gallon (1972) measured the Lz 3 W Auger 
, 
yield fran bulk Si and proceed to cmstru::t a model in which the Auger 
signal current is given by 
I '"" A 
l'there C - Constant, Ip '"" Primary electral current, 
• • Energy dependent ionization cross-section, 
B • Ionization cross-section integrated over the range 
of energies present in the backscattered cantributim. 
a - A geanetric tenn. 
ueEp) -J:P . 
• (E) N 
Ec 
(E) dE. 
Gallon used an itteritive proceedure to calcualte the back-
scattering cmtribution to the Auger current and showed it to be about 
30\ for Ge and 20\ for Si 46. Other values which have been quoted in 
the literature are: 20\ for Si, 30\ for Ge by Meyer and Vrakking 
(1972)47; Tarng and'wehner (i973)48 obtained a 40\ backscattering 
contribution to the intensity of the 120 eV peak of molybdenum. The 
backscattering cmtributim has been shown to change with primary beam 
energy, fran a value of 20\ at Ep/Bc • 2, to 30\ for EplEc • 5, Meyer 
and Vrakking (1975)49. 
2.6.4 Dependence of the Auger Yield at Angle oflJicidElnce 
P. W. Pabnberg (1968) 50 has investigated the effect of varying 
the angle of incidence of the primary electrons on the Auger yield fran 
overlayers and substrates. His results indicate that the Auger yield 
for the over layer is very much enhanced relative to the substrate when 
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the primary beam is incident on the sample near grazing incidence. 
As the angle of grazing incidence is decreased the primary electrons 
spend more time traversing the overlayer and thus have an increased 
probability of producing ionizatim within the escape depth of Auger 
electrons ~ The overall strength of the signal is attenuated at very 
near grazing incidence (~7o) probably because of surface roughness. 
2.7. Instrumentation in A.E.S. 
There are two main types of instrunent widely used in A.E. S. 
<:ne is the retarding field analyser (R.P.A.) as used in LEED systems, 
this is fairly well described in the literaturel8 ,19 and several such 
instruments have been constructed within our mm laboratorySl,52. The 
RFA has essentially spherical, as constructed by HarrisS2 , or hemi-
spherical synmetrySl and in its simplest ronn consists of three grids 
in front of a collector with the target at the centre. The first 
and third grids are at earth potential and a negative voltage E is g 
applied to the second grid so that cnly electrms having an energy 
greater than Eg are transmitted to be collected; this type is thus 
referred to as a high pass analyser. RFA t s have a cmstant energy 
windcM ~ over the entire range of energies and the derivitive of the 
secondary electron emission is obtained by modulating the second grid 
with a sinusoidal signal of frequency w and detecting the canpment of 
the collector current at frequency 2w. This canponent is proportimal 
to dN(E) /dE' the first derivitive of the SEE spectnn. In this type 
of analyser nearly all the electrons emitted from the surface can be 
collected so that it is particularly sensitive to structm"e in the low 
energy true secondary peak of the SEE spectrum53,S4. 
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The other type of instrument used is the dispersive analyser, 
which is referred to as a band pass analyser because only electrons 
having a narrow spread of energies close to the electron energy being 
analysed are focussed at the exit collector, so that potentially such 
an analyser is capable of a better signal/noise ratio than a R.F.A. 
The cylindrical mirror analyser, described in Chapter 4, is of this 
type and the derivitive of the SEE spectrum is obtained by modulating 
the focussing voltage with a sinusoidal signal of frequency w and 
detecting the canponent of the collector current at the same frequency, 
i.e. Ic (w), which is proportional to ~ These analysers have a 
constant instTlD'llEntal resolution Ro so that the energy window of the 
analyser lE (- RoE) is a ftmction of the energy analysed, and it is 
obvious that hE deteriorates with higher analysed energies. ff. is an 
important parameter for an instrument because it detennines W>.ether 
two peaks close together are resolved. 
Both types of analyser, with good resolutions, are c(J1lllercially 
available. More recent instn.mental advances have been in developing 
scanning Auger microscopes capable of operation as a S.E.M. (Scanning 
Electron Microscope) and as an Auger spectraneter. Powell et J~ve 
recently developed such an instrurren.t which uses tl<t'O separate gtDls, 
one to produce the S.E.M image and the other is used to excite the 
Auger spectra. Physical Electronics IndustriesS6 are also marketing 
a scanning Auger Microprobe (S.A.M.) instrument. With these 
instrunents elemental identification at a specific locatim on the S.E.M. 
image is possible so that considerable applications to metallurgy and 
electronic device analysis are expected. 
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2.8 Quantitative A.E.S. 
The peak to peak heights in the derivitive Auger spectra contain 
quantitative information on the number of atoms of a particular type 
in the surface regime This area of A..E.S. is of considerable 
Olrrent interest and controversy as there are a number of parameters 
involved in establishing a relationship between the recorded peak 
height and the cmcentration of the atanic species present. Since 
the excitation probabilities for the Auger transitions and the escape 
depths of the excitEd electrms camot as yet be deduced fran theory 
a nmber of semi -emperical methods have been developed to obtain 
quantitative infonnation and these are now briefly rutlined. 
Ci) By Calibration. To detennine the concentration of a Particular 
element a signal £ran the surface Wlder investigation is canpared with 
the Auger signal obtained fran a pure element tmder identical 
cmditions and a direct ratio is used as an estimatim of the 
concentratim. This method is open to the criticism that different 
targets have to be usEd so that it will be difficult to position them 
in identical positions in the spectraneter to record the Auger spectra. 
Also the targets shruld have the same surface topography as rougJmess 
can influence the Auger yield. 
Cii) It has been shown by breaking metallic alloys of knewn 
canpositions in an ultra high vacwm envirooment and iJrmediately 
recording the Auger spectra that the ratio of the peak heights is 
proportional to the concentration.. The 1Jesults of Bcuwnan et al 
(1912)51 obtained fram the platinum-tin alloys are shown in Fig. 2-4, 
such a graph can be used as a calibration for subsequent study of the 
surface, for instance to detect surface enricllftent upm sample heating, 
or the preferential sp1ttering of a partirular element on an alloy 
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Fig.2-4. The Ratio of the Observed Auger Peak Heights 
for Different Concentrations of the Pt/Sn 
System, from Bouwman et. al. (1972)56• 
surface. Similar graphs to Fig. 2-4 have been obtained for the Ni-Pd 
and the Ag-Pd system by Mathieu et a1 (1975) 58. 
(iii) In adsorption studies the heights of the Auger peaks are 
mmi tored as a fmction. of the exposure to a particular gas and a 
m.mi>er of authors have assigned structure in the Auger peak height 
versus exposure graph to one JOOnolayer coverage of the substrate by 
the aGsorbing gas: P1orio and Robertson (1969) 59 identified saturation 
of the chlorine Auger peak signal in the adsorption of CIon Si as one 
monolayer coverage; Mlsket and Ferrante (1970) 60 also identified the 
saturation coverage of O2 en W (110) as detected hy the Auger signal 
peak height with one monolayer; Jackson et al (1973)61 proposed a layer 
model in which structure in the Auger peak height v exposure graph can 
be identified with the build up of nm.olayers on the surface. ~fore 
recently Kirby and Lichman (1974) 62 identify the saturation of the Auger 
peak of oxygen with exposure as me nxmB1ayer coverage of the silicon 
• 
surface. 
There are many parameters to be considered in quantitative A.E.S. 
which make ita complex topic. The variation of the escape depth of 
Auger electrons with energy, the Auger peak widths and transitim 
probabili ties, the influence of fine structure, all need to be 
considered in quantitative A.E.S. Add! tionally, there are 
instrumentation problems particularly with cylindrical mirror type of 
analysers as two Auger peaks at different energies are recorded with 
different analyser energy windows and electron nultiplier gains. 
These are just sone of the factors which make quantitative A.E.S. a 
stimulating topic for current debate. 
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2.9 Chemical Effects in A.E.S. 
A major area of Olrrent activity in A.E.S. is the excitation and 
analysis of spectra from chemical cOlllpOlmds. In the past few years the 
prominent features in the Auger spectra frm most of the elements have 
been identified and research is now in progress on the changes produced 
in the Auger emission when the elements are in chemical conbination. 
The aim of the research is to detennine and interpret the changes in 
energy and shape of the observed Auger features of the elements which 
are produced as a result of the charge transfer which accanpanies 
chemical bond fonnation. Other effects which may be observed are the 
appearance or disappearance of structure either due to plismons or 
changes in valence band density of states. 
There are two types of chemical effects which need to be 
distinguished in the AES of canpotmds. There are the cha~es produced 
in Auger peaks involving the valence band, these will be strongly 
affected by the al teratims in the Valence band produced as a result of 
the chemical canbinatim. Such peaks will tmdergo a shift in energy 
as well as a possible change in shape. Whereas the chemical effects 
m the Auger transi tims involving the core levels of an elE'J'llellt are 
expected to tmdergo a shift in energy only. 
Sane of the results obtained by wrkers, studying chemical 
effecis in A.E.S., are briefly mentioned. Szalowski and Smorjai 
(1974)63 have measured the chemical shift of the L3 ~/3 M2/ 3 inner 
shell transitim from varlCllS vandium compot.nds, and obtained values 
ranging han - 2.3 eV in V204 to - 0.55 eV for VSi2• Hsas, 
Grant and Dooley (1972) 64 have measured Auger peak shifts in the 
oxides of Ta, Ml, Nb which ranged fran - 0.2 to - 1.5 eV for 
the NNN peaks of Ta, - 0.2 to - 0.9 eV for the }tr'fl peaks of Ml and 
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- 0.2 to - 0. 5 eV for the ~ peaks of Nb; the changes in shape of the 
metal Auger peaks produced an carbide formation are also mentioned. 
Baker et a1 (1972)65 detected a shift of - 4 eV in the Auger peaks of 
Yittriun on the absorption. of oxygen, rut frond no corresponding 
shift in the Auger peaks of r.fo1ybdent.un; Barrie (1975) 66 has measured 
the energies of the KLL, KLV Auger transitions in Na and NaO. Solanon 
and Batm (1975) 67 studied the INV peak of Ti, TiO, Ti02 and detected 
differences which were interpreted as due to the change produced in 
the valence band. Hol1oway (1976)68 detects a shift of - 4 eV in the 
Si, Lz/3 W peak and a shift of - 5 eV in the Si, KL2/ 3, L2/ 3 peak 
from si1con nitride, (SiN) Whereas from silicon oxide (Si02) a shift of 
- 13 eV was observed in the L2/ 3 '''' transition. The Fe, ?t1z/3 H4/5 
M4/5 peak shifts, fran 47 eV to 44 eV on oxide fonmtion69 and the Ge 
peaks are frund to shift by - 4 eV an the fonnation of GeO, Wang et 
a1 (1975) 70. 
The Auger spectra can be used to distinguish bet~en different 
oxides of a metal for instance in the titanium oxides already mentioned67 ; 
also Seo et a1 (1975)68 has obtained distinct Auger spectra for the 
oxides of iron: FeZ03 and Fe 304 • The KLL Auger peak of C also has a 
distinct shape depending on whether the C is in the fonn of a graphite, 
diamond or a carbide64• 
When an atan combines chemically with another atom a certain amomt 
of dlarge transfettakes place so that the valence shell charge density 
is altered. This re-arrangement of the outer electrons (generally 
electrons transfer fram the metal atom to the non~eta1 atan) will 
cause a slight increase in the binding energy of the netallic core 
level electrons, so that on the simplified picture of equation 2-1 the 
kinetic energy of the Auger electron will shift by an aJIlOlUlt B3 ABC' 
given by 
= 
Where !!EA' fEB' fEC are the shifts in the binding energy of the 
electrons in individual levels. As the core electron binding energy 
shifts are nearly equa164 
tFA =- tFB =- ~C III 1£' Eq. 2-7 
This i~ a shi.ft of a few electron volts. The observed energy 
shift for an Auger transitim involving the core levels is usually 
greater than the shifts in the individual levels and this additional 
contribution has been interpreted as a change in the final state term 
FOC and the static relaxation tem Rs of Shir1ey's equation 2-5. so 
that 
tFABC (observed) - ~' - AF + ARs Eq. 2-8 
Kowalczyk et a1 (1973)72 proposes the separatim of the static 
relaxation energy into two compments, an atonic relaxation energy RI 
and an extra-atanic relaxation energy Rz. So that 
I: 
'Wlere RZ is the cmtrirution due to relaxation of the lattice electrons 
towards the hole and it is this tenn ,mich shru1d be most sensitive to 
the chemical environment of the atone TIrus 
I ~ ABC (observed) • tE + ~ Eq. 2-9 
Then the observed shift in the position of an Auger peak 
involving the core levels can be interpreted as being due to a shift in 
the binding energy of the e1ectrcns involved together with the change 
in the extra atanic re1axatim energy produced. 
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2.10 Electron Beam Artifacts 
In AES an electron beam is nonnally used as the investigating 
probe. Now a typical beam used to record Auger spectra may have 
energy 1 - 3 KeV, a beam current of 10 - SOpA and a spot diameter of 
0.1 - lnm, such a beam represents a considerable load ('" 15 watts/ 
sq. ens.) on to the surface under investigation. Such a load can 
introduce electron beam artifacts because it will cause local heating 
of the target, if it is a poor conductor, and induce effects such as 
dissociation of compound surfaces, surface diffusion within the 
region of bombardnent, and electron induced desorptian and aclsorption. 
Consequently care needs to be exercised in any studies perfonned and 
electron beam artifacts must be looked for l\hen ever electron stimulated 
AES is used. In sane situations it may be best to use a diffused 
beam of low current to reduce the surface load. There are numerous 
reports of electrm beam induced effects in the literature l:IIlongst 
whom are Plorio and Robertsm (1969) 59, who report Cl desorption from 
Si and M.1sket and Ferrante (1970) 60, mo report oxygen desorption 
frOOl tmgsten surfaces by the actim of the electron beam. 
Cmsiderable electron beam effects are reported in later chapters 
of the present work. 
2.11 Interat~iC 'AUger Transitions 
Interatarlc transitims, or cross transitims, can occur When 
two atoms are in chemical combination with me another. A hole 
created in a core level of one atan relaxes by an Auger transitim in 
which the e1ectrms fran the neighbouring atoms participate by a 
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tunnelling lOOchanisrn. They were originally proposed for structure 
observed in X-ray ernissicn spectra and it was Gallon and Matthew 
(1970)73 Who first interpreted structure in the Auger spectra of LiF 
as being due to interatomic processes. Interatamic transitions have 
been reported in the Auger spectra of ~fg074,7S and Citrin (1974) 76 has 
interpreted the low energy structure in the Auger spectrtin of MgP2 as 
being primarily due to interatamic transitions of the fonn Mg (L2/ 3l 
P (L2/ 3) F (L2/ 3), Mg (L2/ 3) P (Lz/3) F (Ll ) , ~~ (L1) ~ (L2/ 3) 
P (I,) etc. 
2.12 Uses of A.E.S. 
In this section ~ mention briefly sane of the uses to which 
Auger electron spectroscopy has been applied. 
(i) Depth profiling - in which Auger spectra are recorded fran a 
surface which is being sinultaneously sputtered away at a 
constatlt rate by Argm ion bombardment. Using the peak-peak 
Auger signal height as a qualitative estimate of the concentration 
of a particular element, a depth v cancentratim profile can be 
obtained. This is useful for instance in determining the 
thickness of an oxide film m a surface. A nm-destructive 
tedmique for obtaining depth profiles has been proposed by 
Meyer and Vrakking (1974)134 based on recording Auger spectra 
as a ftmction of the primary bean energy. 
(ii) Valence band detennination - in spite of the complexity of the 
Auger process, a nllllber of authors have at~ted to use the 
Auger peak shapes for the determination of the valence band 
densi ty of ocQ1pied states. Usually the peak selected for study 
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is an AB'l type of transition, where A and B are inner levels 
and one of the final holes is in the valence band of the solid. 
Barrie et al (1975)66 used the KLlV and KL2/ 3V Auger peaks to 
obtain the valence band of Na in moderate agreement with UPS 
and XPS detenninations; Sickafus (1973) 78, in his study of 
NiS, was able to relate the features in the Ni (r-YVl and S (LVV) 
Auger peaks to the valence band density of states of nickel 
sulphide; Anelio (1970) used the L2/ 3W peak of Si and Salmeron 
et al (1975)80 used the L1L2/¥ Auger peak to obtain the valence 
band of silicon; Solanons (1975) 67 l\Urk on the L'W Auger peaks 
fram titanium oxides has already heen mentioned. 
Althrugh there has been sane success in obtaining the valence 
band density of states for same solids other workers report 
transitions involving the valence hand to have a quasi-atomic 
nature. Kowalczyk (1973)7~ reports the absence of any valence 
band influences m the Lz/3W Auger transitions fram copper and 
zinc; Bassett et al (1973)81 report a s~i1ar result for the 
M4/ 5VV transition of silver. Joyner and Roberts (1973)82 
detected no valence band influences on N6/ 7W Auger transition 
of gold. It has been suggested by Samerm et a183 that this 
atomic behaviour may be cmnected with the presence of d 
electrons in the valence band. 
(iii) Technological Applications - the technological applications of 
AES have been reviewed by Gj ostein and Chauka (1973) 84 and by. 
Stein (1975)85. These authors summarize the phenomenon such 
as segregatim of lmpl.D1.ities to surfaces, thin film growth, 
fracture surfaces, surface diffusion, to which AES can be applied. 
Other awlicatims are in the stmy of wear and friction~6srface 
sputterini7and corrosion. 
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(be of the latest areas of research in Auger spectroscopy is 
angle resolved emission from solid surfaces88 ,89. 
To briefly summarize this chapter the subject of Auger electron 
spectroscopy has been. introduced and sane of the latest developments 
outlined. The subject matter of the next chapter is cmcerned with 
characteristic energy loss spectroscopy, ,mich is the other inqx>rtant 
teclmique used in the present work. 
CHAPTER 3 
OIARACI"ERISTIC ENERGY lDSSES IN SOLIDS 
3.1 Introduction 
A solid ccntains a large nunber of electrms some of which are in 
discrete energy levels of the atans while the rest are in the conduction 
and valence bands of the material. The electrons in the deeper energy 
levels of an atom remain more or less unchanged when this atan comes 
together with other atans to fom a solid, l\hereas the e1ectrcns in the 
outer energy levels interact strongly with one another to fom the 
electron energy bands characteristic of the solid. These outer loosely 
bound e1ectrms in the solid are of considerable interest as they 
detemine properties such as the electrical and themal conductivity and 
are responsible for the subdivision of solids into ccnductors, insulators 
and semi-conductors. 
Characteristic energy loss spectroscopy probes these outer 
e1ectrms which ccnsti tute one of the highest densities of charged 
particles (- 1022 electrons cms-3) available. This high density solid 
state plasma is a sea of strmg1y interacting particles upon which many-
body theories can be tested and additionally there are suggestims to 
exploit this plasma for solid state device app1ications90• Another 
important property of these outer electrons is that they strcng1y 
influence the reflection and transmissicn of electromagnetic radiatim 
by a material. 
Characteristic energy losses in solids have been studied since 
the 1930' s, most of the earlier measmements \\'ere made m freshly 
evaporated films, in vaCUtlJl of 10-6 Torr. A number of teclmiques have 
been developed for CEL investigatims: transmissim of electrons throogh 
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thin films, reflection of electrons from solid surfaces and optical 
transmission and reflection from solids. Simultaneously with the 
experimental studies theoretical analysis of the electron plasma 
excitation modes provided a basis for the interpretation of the 
expernnental results. There are two excellent reviews available on 
the subject one by Ra~er (1965)91 and the other by Servier (1972)31. 
The theoretical work, on the elementary excitations in solids induced 
by photcn and electron bombardment of a surface, has been summarised by 
P. 92 . mes • 
3.2 ~thods of InvestigatingCELinSolids 
3.2.1 ~ticalHethods 
In this technique electranmagmetic radiation of known wavelength 
is incident on the surface to be investigated. Ideally the surface 
should be pure and clean and in an ultra high vacwm enviroIJllent. From 
measr~nts of the reflectivity of the light, or the transmission 
through thin films the complex dielectric constant n + jk can be 
deduced. ~asrements at different wavelengths will allow n and k to 
be determined as ftmctian of the photm energy. 
the complex dielectric cmstant £ where 
£ • (n + jk)2 
can be obtained. 
Pram these results 
For the idealised case of a solid containing a free electron gas 
the dielectric constant can be calculated to be a frequency dependent 
. 91 
express10n 
~ 
E (w) • 1 - ~ ( 1 )' 
w 1 - jWI'c 
Eq. 3-1 
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, N = Number of electrons per m3 
H = Electron mass 
(0 - Permittivity of free space 
T c is a relaxation time 
The dielectric constant consists of a real term, 
2 1 
t1 (w) = 1 - ~ ( . 1 ) Eq. 3-2 
w 1 +"2T 2 
and an imaginary tenn 
t2(w) • 
w c 
( 1 ) 
( 1 + 1 ) ;z;:;z Eq. 3-3 
Fig. 3-1 shows the variation of El' E2 with frequency w for a 
free e1ectrm gas. 
Now the results obtained from optical measurements are of 
bnportance because Pines92 has shown that the probability of a fast 
charge, moving thrrugh an electron gas, losing energy is proportional 
( 1 ) to -Im et (k, w) ). To a good approximation it may be assuned that the 
momentum transfer during an electron interaction with the gas is 
negligible, so that k ~ 0, then the probability of a fast moving charge 
losing energy is proportional to -Im ~Eto1W) ~ and this quantity can be 
obtained from the optical measurements as 
1 
-Im (-) = 
e: 
Eq. 3-4 
Thus we shru1d be able to correlate characteristic losses as 
measured by e1ectrm bombardment with structure in -Im (!) as deduced 
e: 
fran photon bombardment. 
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Flg.3-l. Dielectric behavior of a free electron gas. 
3.2.2 Transmission of High Energy Electrons 
High energy monoenergetic e1ectrms (30-50 Kev) are passed 
thrrugh thin specinens (== 2CXXlA 0) and the transmitted beam is energy 
analysed to determine the characteristic losses suffered by the 
primary electrons. Using this technique measurements can be made of 
the energy loss v scattering angle to deduce the dispersion relation 
for characteristic losses and also because thin specimens are used 
multiple losses are not excited. 
3.2.3 Reflectim of Low Energy Electrms 
The surface, which need not be a thin specinen, is banbarded 
with amoenergetic e1ectrms, usually of energy less than IQCX) eV, and 
the secmdary electrms emitted are energy analysed. The characteristic 
losses are detected on the low energy side of the elastic peak as shown 
in Fig. 1-1. The observatim of a loss by this method involves two 
events, that is the exci tatim of the loss plus the elastic scattering 
of the exciting electron into the entrance slit of the energy analyser. 
Primary beam energies as low as 50 eV can be used and surface sensitive 
features are much more readily observed using this method of investigatim. 
Also the sane energy analyser can be used as an Auger spectrometer so that 
the surface under study can be characterized. 
3.3 Characteristic Excitatians in Solids 
We now rutline sane characteristic losses which can. be excited in 
a solid. 
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The collection of loosely bound electrons together with the 
ion cores in a solid, fo~ a plasma of high density. These electrons 
are capable of collective oscillation with a high eigenfrequency of 
energy rv 10 eVe This oscillation is a longitudinal density . 
fluctuation and the quanta of this oscillation is called a plasmon. 
Now for a free electrm gas of density N per unit volune the plasmcn 
energy has been calculated to be91 ,92 
where m is the electrm mass, 
fo is the pennittivity of free space, 
h is Planc1l5 ccnstant/21r. 
and N is the density of electrons. 
Eq. 3-5 
The sttdy of plasmons is important for XPS and AES as some of 
the satellite structure appearing on the low energy side of the major 
peaks can be attributed to electrons from the maj or peaks having lost 
a characteristic amount of energy by exciting a plasmon while exitinR 
from the solid. 
Electron impact is one of the best methods of studying plasmon 
behaViour in solids. It has been shOWl theoretically by Quinn93 that 
the mean free path ). for plasmcn excitation in a free electron gas is 
giVen by 
2A E 
o 0 
( CEp + hwp)1_ Ep1 )-1 
(!n( )) 
( ( E ! - CB - 1iwp)! ) )) 
( 0 0 
Where l\wp is the plasmon. energy, 
Eo is the primary electron energy, 
Ep is the Permi energy of the solid, 
Ao is the Bohr radius. 
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, Eq. 3-6 
3.3.1 P1asmcns 
The collection of loosely bomd electrons together with the 
ion cores in a solid, form a plasma of high density. These electrons 
are capable of collective oscillation with a high eigenfrequency of 
energy ~ 10 eVe This oscillatim is a longitudinal density' 
fluctuation and the quanta of this oscillation is called a plasmon. 
Now for a free e1ectrm gas of density N per unit volune the plasmon 
91 92 
energy has been calculated to be ' 
ldlere m is the electrm mass, 
f is the pennittivity of free space, 
o 
h is PlancAs cmstant/2"1r. 
and N is the density of electrons. 
Eq. 3-5 
The sttdy of plasmons is importmt for XPS and AES as sane of 
the satellite structure appearing on the low energy side of the major 
peaks can be attributed to electrons from the maj or ~aks having lost 
a characteristic amount of energy by exciting a plasmon ~le eitin~ 
from the solid. 
Electron impact is one of the best methods of studying plasmm 
behaviour in solids. It has been shOWl theoretically by Quinn93 that 
the mean free path ). for p1asmm excitation in a free electron gas is 
given by 
2A E 
o 0 
CB + hwp) L p_! )-1 
( (-'F r) ) 
~ In ( E I (E _ Jiwp)} ) ) 
( 00) 
where ftwp is the plasmon enerror, 
Eo is the primary electron energy, 
Bp is the Penni energy of the SOlid, 
Ao is the Bohr radius. 
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Fig. 3-2. The mean free path for plasmon excitation in 
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Fig.}-3. The Optical Properties of InSb, Showing the Real 
(e) and Imaginary(c1 ) Parts of the Dielectric 
Constant and the Bulk Loss Function Im(-~) , 
from Phi11ip and Ehrenreich (1963,)95. 
Fig. 3-2 shows a plot of this expression as a ftmction of the 
primary e1ectrm energy for the elerents Mg and Sh. It is clear that 
the probability for plasmon excitation by electron impact is quite high. 
Referring to Eq. 3-1 it can be seen that the dielectric constant 
of a free electron gas is strmgly dependent on the plasmon frequency 
Wp. Also Pines92 has shown that the loss ftmction -Im (~ of a system 
has a broad maxima at the plasmm frequency of its electrons so that 
optical measurements may be used to predict the plasmon oscillation 
energy of solids. Althrugh maxinB in -Im [! 1 can also occur due to 
interband transitions (see subsection 3.3.3)94, at a plasmon frequency 
€l{w) • 0 and is changing fran negative to positive values and £2{w) is 
decreasing. This is illustrated by Fig. 3-3 reproduced fran the work 
of Phil1ip and Ehrenreich {l963)9S. The data obtained is from 
reflectivity measuremmts and the broad maxima in -Im (~ at 12.0 eV 
occurs in the ]';egim \\bere El • 0 and £2 is decreasing. The maxima in 
the loss ftmction agrees ~ll with the calculated value of 12.0 eV, 
\\hich is the plasmon energy if the valence electrons of InSb are 
regarded as behaving like a free electron gas. 
3.3.2 Surface P1asmons 
The plasmons discussed in Section 3.3.1 are called volume p1asmons, 
,mere the electrm gas in wch the excitations occur has three 
dimensional symmetry. Charge density oscillations can also occur at the 
surface of a solid giving rise to the ccncept of surface plasmms. 
These were originally proposed by Ritchie (1957) 96 with an ackiitiona1 
contributim by Stemand Ferrel1 (1960) 97. In the bulk of a material 
the real part of the dielectric constant has a continurus value £1 
thrrughout. At the solid surface this quantity changes abruptly to 
that of the adjoining mediwn si. Assuming that there is a· 
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plasma oscillation in the first mediun, the necessary continuity of the 
nomal canponent of the electric displacement requires that 
for a charge oscillation at the surface. Then for a free electrm gas 
with surface plasmon frequency, Ws 
1 - ~ _ -E' 
~ 1 ' 
s 
So that Ws -
/1 +€: 
If the solid is in cmtact with vacuum then E~ - 1 so that WS -/~ , 
is the relationship bet'Ween the surface and volune pla.c;mon frequencies 
for a free electrm like solid. 
Surface plasmms have been reviewed by Richie (1913) 98 and they 
are of importance because of the changes M1ich can be prodoced in their 
energy and intensity by absorbed layers. In the case of Si (Ill) the 
adsorptim of a quarter of a monolayer of oxygen causes the surface 
plasmon peak to split into tl«> peaks which increase in separatim with 
increasing coverage99. These changes are as yet little l.D'l.derstood. 
Surface plasmons are capable of quantitative exploitatim as Wright53 
was able to use the shift in the surface plasmm energy of Mg with 
CJXYRen coverage to deduce the thickness of oxide layer fonned. 
Peaks have been assigned to surface plasmms oscillations in 
electrm energy loss measurenents by transmissim and reflectim of 
electrms. Experimental evidence for the existence of surface 
plasmms has cane £ran Braucbeier et al (1915) 100 who was able to 
detect the radiatim emitted from their decay in Ag films. Canparison 
with optical measurements is also possible as it has been shown that 
the probability of a fast electrm losing energy to a surface exciton 
'. 1 101 is proport1mal to Im (~) 
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3.3.3 Inter-and Intra-band Transitions and Ionization Losses 
These transitions are single particle excitations whereas 
volune and surface plasmons are a many particle phenanencn. In inter-
band transitims electrms from lOler bands are excited to sane higher 
partially filled band, the primary electrm losing the difference in 
energy between the tltt'O bands. AA imizatim loss is similar and 
involves the excitation of electrons £ran a core level to empty states 
near or above the Permi level. Intra-hand transitims have much lower 
energies and involve the excitation of electrons fran the lQloJer regions 
of a band to the upper regicns of the same band. 'lhese excitations 
have only recently becane of interest in energy loss spectroscopy, 
often the earlier l«n"k was interpreted in tenns of mu1 tiples of the 
plasmon oscillations. 
Strong interband transitions contribute to structure in the El 
f th d o l' 102,92 and aJ¥l E2 cauponents 0 e le ectrlc constant can strmgly 
influence the energy at which the plasmm oscillation of the valence 
electrons is observed. Raether (1965)91 has ShOWl that the presence 
of a strmg interband transition, whose energy is less than the 
calculated free electrcn like plasmm energy, shifts the observed value 
to higher energies, 'tthereas a strcng interband transiticn of energy 
greater than the calculated pla511l)n energy has the opposite effect. 
This is a simplified picture as normally several interband transitions 
can be excited in solid and the situation is particularly confusing for 
the noble elements in which strong interband transitions are excited 
with an energy close to the plasmal energy. The low energy (,,5 ev) 
structure in £1 and E2 shON1 in Pig. 3-3, is probably due to the 
excitation of interband transition. 
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The numbers at the top of the columns indicate the number of outer sand p electrons. 
Fig. 3-4. The Elements whose Characteristic·Energy Losses 
have been Studied by Powell103 and co-workers. 
3.4 Plasmon Excitations in Solids 
Olaracteristic energy loss experiments have been perfonned on 
~re elements, alloys and canpounds and plasmon oscillations identified 
in these solids. 
3.4.1 Elements 
P1asmcn excitations in most of the elements have been identified 
and in general there is good agreement be~en the observed energy and 
the plasmon energy calculated by assuning that the valence electrons of 
the solid behave as a free-electran like gas. Fig. 3-4 sumnarises the 
elements sttrlied by Powell (1962) 103 and his group, the elements for 
~ich agreement between the calculated and experimental plasmon energies 
is not so good are tmderlined, and for these elements the plasmon peaks 
in the observed loss spectra are difficult to identify. The results of 
Powell are regarded as reasonably accurate although their experiments 
yd • r.-6 were performed in 0 mary vacUllll \.'" 10 Torr.) on surfaces not 
characterized by AES. Most subsequently l«)rkers have tended to 
confinn the results obtained by Powell, for the elements shown in 
Fig. 3-4. Other elements have been more recently stuiied. 
3.4.2 Alloys 
Table 3-1 StIIIIlarises sane of the alloy systems in web plasma 
oscillations have been identified. For alloys of free electron like 
metals, for instance Al - Mg system, the observed plasmon energy is in 
good agreement with the value calrulated fran the relative concen.trat-
ims of the tl«) elements, rut a system involving me of the elements 
underlined in Fig. 3-4, usually has cmsiderable structure so that 
plasmon identification is difficult. 
44 
TABlE 3-1 
Alloys 
Al - Mg, Cd - Mg, CU - Ni 
Ti - AI, Co - AI, V - Al, Ni - Al 
Se - As (glasses) 
Al - Ag 
Reference 
Hart1ey and Swan (1970)104 
Bakalin et a1 (1972)105 
Rechtin & Averbach (1974)106 
Porter et a1 (1974)107 
3.4.3 COOFomds 
Plasmm oscillations have been identified in a nunber of chemical 
canpomds and again for most materials studied so far there is good 
agreement between the calculated energy and the observed loss. Table 
3-2 summarises the reported work of Best (1962)108 for same alkali 
halides and Table 3-3 shows the identification of plasmon losses in 
some other canpomds. 
The calrulated value of the plasmon oscillation energy is based 
on regarding the electrens involved in the b~d fonnation of the 
compound behaving in a free electron like manner to sustain plasmans. 
Por instance in sodiun chloride it is the one outer electrcn of sodium 
and the seven outer electrons of chlorine which interact to fOnD a 
NaCl molecule and it is these electrms which are regarded as undergoing 
plasmon oscillatiens. But there are same problems for instance poor 
agreenent is obtained with the observed losses for the mercury 
charlcogenide~12 , the values calculated are an the basis of the 12 
outer electrcns of Hg and the 4 outer electrons of S particupating in 
the oscillation. (n the other hand, good agreement is obtained 
betl«!eIl the calrulated and observed plasJOOn energies in the case of PbS, 
en the basis of all 6 outer electrons of S participating. In the case 
of AgGaS2, CuGaS2 theoretical and experimental values agree on the basis 
of 22 electrons per molecule, (11 frOO1 Ag, 3 fran Ga, 4 fran S) 
contributing to the solid free electron gas. These results indicate 
that the nunber of electrons an atm contributes to the free electron 
like gas Which undergoes plasmon oscillation may vary with the chemical 
enviraunent of the atom. 
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~BLE 3-2. The Results or Best(1962)108 For·The Alkali Halides 
Showing Good A~ement Between Calculated And 
Experimental Plasmon ~~rgies. 
T .... !c b 
(·(1n'l' .. rl~ft bc .. lwcC"n ch", ThC'ur .. lkul '· ... e'u:c l:.lccer .. " I'lol, .. na Encq:ica ,,"d OlMcned ~n ... riY I,onc. (in co," 
l~iF J.iCI N .. F !I: .. CI :-': .. Ih- !,:al IU: KCI KUr Kt !thCI C .. Ur 
Obtlc:rvcd energy lOllS U'9 16'1 20'9 15'S 13'9 12'3 17-1 13'8 12'5 11·2 13-1 lH 
1"hcorctiCll valence 
el\.'Ctron plusma cncrgy 25'8 18'0 21·0 IS·7 14'4- 12·7 16-8 13·3 12'. 11·2 12'3 11·8 
C~l 
9'8 
10·7 
TABLE 3-3 P1asmons in CanpOtmds 
Caupo\Dld Z 
-
nwp (eV) lE (eV' Reference 
znS 4 17 17 109 
PbS 5 16 15 109 
SbS3 5.6 18 19 109 
MoS2 6 23 21 110 
PbTe 5 14 15 109 
PbSe 5 15 15 109 
Mica 4.7 24 25 111 
BeO 4 29 29 110 
MgO 4 25 25 110 
Li2C03 4 24 24 110 
Ca ((I{) 2 3.2 21 22 110 
Mo03 6 24 25 110 
Si02 5.3 25 25 110 
A1Z02 4.8 27 25 110 
Te02 6 23 23 110 
Sn°2 4 26 18 109 
KBr 4 13 20 110 
KC1 4 14 13 109 
NaC1 4 16 16 109 
GaP 4 16.3 16.9 95 
GaAs 4 12.3 14.7 95 
InSb 4 11.5 12.0 95 
HgS 8 21.5 20.8 112 
HgSe 8 19.8 17.2 112 
HgTe 8 18.1 14.7 112 
AgCes2 5.5 18.9 18.5 113 
CUQlS2 5.5 19.9 19.0 113 
TABLE 3-3 Plasmons i.rt Compotmds 
KEY: 
z • munber of valence electrons per atom involved in plasma 
osci1latims. 
ftlfp • calculated value of the plasmon energy. 
lE • observed value of the loss. 
3.5 Recent Developnents in CELS 
We conchrle our survey of electrm energy loss spectroscopy by 
outlining some recent investigations using this technique. Apart from 
ccntinuing progress in the study of elements, alloys and canpotmds there 
is an increasing application of eElS to the study of semi conductor 
surfaces using primary electron beams of energy lie 100 eVe These low 
energy electrons are particularly surface sensitive as the inelastic 
excape depth at these energies is '" 3 - 4Ao, (Fig. 2-1). Structure has 
hem observed in the CELS of the Si (HI) face which has been assigned 
to surface states99, and the effect of oxygen a<5orption on the 
characteristic losses of GaAS (110) has been studied by Luth and 
Russe1 (1974)114, Surface features being strmg1y influenced by oxygen 
aci;orption. Studies have also been carried rut to probe the Bllpty 
ccnduction band states by exciting core level electrms with a primary 
beam. Ludeke and Esabi (1974)115 have excited the 3 d electrons of Ge 
and Ga (in GaAS) to probe the empty conduction band states of these 
solids. Also a similar study on Ge (H I) MS been carried out by Ro~ 
(1974)116. 
This conchrles the survey of the backgrolDld literature relevant 
to the teclmiques of AES and CELS. The next chapter describes the 
cmstruction of a suitable apparatus in which AES and eELS studies can 
be perfomed at solid targets. 
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sm-faces using primary electron beams of energy == 100 eV. These low 
energy electrons are particularly surface sensitive as the inelastic 
excape depth at these energies is '" 3 - 4Ao, (Fig. 2-1). Structure has 
been observed in the CELS of the Si (Ill) face which has been assigned 
to sm-face states99 , and the effect of oxygen ackorption on the 
characteristic losses of GaAS (110) has been studied by Luth and 
Russel (1974)114, Surface features being strongly influenced by oxygen 
aQ;orption. Studies have also been carried rut to probe the empty 
ccnduction band states by exciting core level electrms with a pr:imary 
beam. Ludeke and Esabi (1974)115 have excited the 3 d electrons of Ge 
and Ga (in GaAS) to probe the empty conduction band states of these 
solids. Also a similar study on Ge (Ill) has been carried out by Ro~ 
(1974)116. 
This conc1trles the survey of the backgrolUld literature relevant 
to the teclmiques of AES and CELS. The next chapter describes the 
cmstruction of a suitable apparatus in which AES and rnLS studies can 
be perfonned m solid targets. 
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CHAPTER 4 
DESHN, C(NSTR'OCTICW AND OPERATHNOF nm APPARATIJS 
4.1 Introduction 
Our basic need was to construct an apparatus for the purposes of 
studying solid surfaces by using electron beam spectroscopy. For any 
kind of meaningful results, experiments have to be perfonned in an 
ultra high vacuum. This is because a "clean" metal surface exposed to 
an ambient pressure of 10-6 Torr of an active gas (Co, ~, 02 etc.) will 
becane covered by adsorbed atoms in a matter of secmds. Cmsequently 
-9 -10 
an apparatus for realising a pressure of 10' - 10 Torr is needed for 
sufficient time to be available for measurements. In addition a good 
resolution electron spectrometer, which is capable of use as an Auger 
and characteristic energy loss spectrometer, is required. The apparatus 
must also incorporate in-situ specimen surface cleaning facilities, as 
well as a gas inlet system by means of which pure gases can be aootted, 
at a cmtrolled rate, into the vaCutDn chainber to allow a<\;orption studies 
to be perfomed. 
In this chapter the constructim of such an apparatus is described. 
1b.e design and the majority of the construction work was carried out at 
the lhiversity of Keele, with the assistance of the tedmical staff. 
Cmsequently the apparatus Calstructed is of a much lower cost than 
commercially available systems of equivalent performance. The design, 
C(Ilstruction and operation of the apparatus is considered to form a 
major part of the Ph.D. prograJlllle. 
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4.2 The Vacuum Chamber 
To obtain a system of realising such low pressures C < 10-8 Torr), 
the vacuum chamber was constructed fran 18 gauge Cl/16th ins. thick) 
ENS8E stamless steel sheet. This has the advantage of high tensile 
strength and can be cyclically haked up to 4S00C without degradation, 
such treatment being necessary as the chamber has to be rutgassed at 
a high te~eratre to acheive UHV pressures. All the joins were 
sealed by argon arc ~ldmg. The chamber has a cylindrical shape 
entrance in to which was provided by a number of ports ranging in size 
from standard 21 ins. flanges to 8 ins. flanges. These flanges can be 
vacuum sealed by copper gaskets sitting on a knife edge. A schematic 
diagram of the main chamber is shom in Fig. 4-1 and the proposed uses 
for the various parts are labelled, a photograph of the main chamber in 
actual use is shown in Plate 1. 
4.2.1 The Initial Pumping Scheme 
'!he internal surface area of the vacuun chamber was estimated to 
be 11 l2,(XX) sq. ens. The outgassing rate of stainless steel after 
. 2 10-12 T 1· -1 -2 . vacuun bake rut 1S '\. x orr 1 tres ~c ens , so that ID the 
absence of any leaks, a ptlllping speed of 100 litres sec -1 wruld produce 
-10 a vacuum 11 2 x 10 Torr. Using this figure as a guide suitable 
vaCUJJll punps required to produce UHV were selected and in the initial 
punping arrangement a total of four punps were attached to the stainless 
steel chamber. These \ere: 
a) A sorption pt1JIt), (Ferranti type 1U) 23) 117, using a molecular 
sieve type SA. This is capable of roughing the chamber fran 
-3 
atmosphere to a pressure of '\. 10 Torr. 
b) A Ferranti 117 RJD SO titanimn diode sputter ion ptmp Cnanina1 
. -1 ~ing speed SO lltres sec ) ~ 
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PLATE 1 
c) An A.E.I. triode electrostatic getter ion pump, type 120 
(nominal pumping speed 120 litres sec-I). 
d) A S.A.E.S. SORB-AC cartridge pump. This is another type 
of getter yxunp using a zirconimn alloy as the gettering element (nominal 
PUDping speed '" 200 litres sec -1) • 
These are shown attached to the vacuum chamber in Fig. 4-2. 
The sorption ptmtp Ca) was needed to reduce the peessure within 
the chamber sufficiently for the high vacull11 pumps to start operating. 
The Ferranti Pllllp was a standby measure because it had been famd to he 
so reliable in the past but the ultimate aim was to pump the chamber to 
U.H. V. using the triode electrostatic and S.A.E.S. getter pumps only, 
because these two pumps did not require a magnetic field for their 
operation. We wanted to avoid using pumps which depended for then 
operation on magnetic fields due to the influence these would have on 
the electrm optics of the energy analyser. 
Using these pumps we attempted to evacuate the chamber. It was 
fomd that while the Ferranti pump was operating nonna11y, the triode 
and SAES getter pumps were liberating gases into the vacum chamber, 
that is the pressure in the chamber would decrease when these pumps 
were switched off. The manufacturers recornnended activation proceedure 
was tried an the SAES getter pump element without any detectable 
iq)rovenent in its punping speed. It is believed that the hot elements 
inside the punps were acting as a source for the production of methane 
(01
4
) gas by reacting with the active gases within the vacuum chamber. 
The manufacturers recamnended proceedures for operating these JXmtps 
were repeated a munber of times without any improvement in the vacuum 
obtained. Eventually it was conc1trled that the triode and SAES getter 
p.m!Ps would not evacuate an tmbaked chamher. 
Before proceeding any further a Varlan quadruple mass analyser 
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Fig.4-2. The Initial Pumping Arrangement UsIng Getter Pumps 
(see section. 4.3.3) was attached to the vacuun chamber and a thorough 
leak-testing proceedure carried out to exclude the possibility of an 
inlet of gas preventing the operatim of these punps. The chamber was 
p.unped by the Ferranti FJD SO during the leak testing. This was the 
seccnd time the chamber and ancillary equipment were leak tested, as a 
testing proceedure was carried out during the welding and construction. 
stage with a 20th Centuryll9 leak detector. No leaks could be detected 
by the mass spectrometer. 
The system was then baked, ~ile being evacuated, to a temperature 
of 3500 - 4000C by placing a specially ccnstructed ceramic wool oven 
over the main chamber, for a period of 24 hours. This is the noma1 
ClJUtgassing proceedure for obtaining InN pressures. During the baking 
the chamber was initially pumped by the sorption. pump until the pressure 
was low enough for the Ferranti ion. punp to be started. The triode and 
SABS getter were not operated during the baking stage. 
After baking the pressure, as registered by the leakage current 
an theRJD SO ion. pump, was measured to be 2 x 10-8 Torr. An 
bprovement in the pressure was now attempted by operating the getter 
pumps. The manufacturers instructions were explicitly followed but 
again the effect of operating the triode and SAES getter ptmJps was to 
increase the pressure inside the chamber. The punps were left switched 
at for a few days without any improvement in performance. The leak 
testing proceedure was repeated, using the Var:an quadruple mass 
analyser without discovering any ~desired inlets of gas. 
As activatim proceedures for the ptunp elements did not appear 
to be having any effect, it was decided at this stage to change the 
elElllent of the SAES getter pump. The baking cycle was then repeated 
but again at operating the Trlode and SABS getter Pl.IIIps no improvement 
fn thevacuun was obtained. In fact lIhen the Ferranti ion ~ was 
SO 
sri tched off, with the getter p~s operating, the pressure in the 
chamber l\1Ou1d rise to SI! 10-6 Torr from an initial value of SI! 1 x 10-8 
Torr. 
Because of the poor performance of these getter pumps it was 
eV'mtua11y decided to abandon them ID favour of an alternative 
pun.ping scheme. 
The possibility was considered of using a munber of Ferranti ion 
punps to evacuate the chamber, but these require large magnets for 
their operation whose effect would be undesirable an the electron 
spectrameter. At this stage of the project the electron spectrameter 
had been constructed and attempts were made to operate the electron gun 
and spectraneter with the chamber being pt.mq:)ed by the Ferranti ion pump, 
the getter pumps were isolated by the viton valve. The magnet was 
shielded by layers of "netic" material supplied by the Perfection 
Mica Co. 120. Due to the stray fields, Mlich could not be entirely 
eliminated, very poor signal to noise ratios for the Auger spectra were 
obtained as \'1el1 as spurious peaks being present and frequently the 
analyser perfornance was so poor that Auger peaks could not even be 
detected. 
Eventually it was decided to evacuate the chamber with a 
specially trapped EdWlrds diffusion punp, marketed by VJlQ.ltIIl Generators 
Limited. The specifications of this pump stated that it was capable 
of evaruating to UIW pressures. This punp:ing scheme is described in 
the next section. 
4.2.2 The Final PUmping Scheme 
This is shown in Fig. 4-3. A diffusion punp has the great 
advantages for electron ~ctroscopy l\1Ork that it operates without a 
_gnetic field and J1ll1t)s all gases ~ whereas ion or getter JUllPs have 
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Fig.4-3. The Final Pumping Arrangement Using a Speoially Adapted 
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preferential ptlllping speeds for the active gases. The great 
disadvantage of diffusion punps is that backstreaming of the working 
fluid can occur into the main chamber where it may contaminate the 
target under investigation. The diffusion pump ~ used attempts to 
minimise this disadvantage by incorporating a special cold trap 
between the punp and the chamber. The diffusion. punp used was an 
Edwards 002 Vapour Diffusim plIIIp having a pumping speed of 150 litres 
sec-I. The pump was fitted with a ocr SO liquid air cold trap by 
Vacuum Generators Ltd. CV.G.). The unit was available complete fram 
V. G. and by using "Santovac Set as the working fluid of the diffusion 
JUIlP the arrangement had the capability to punp to tIN pressures. This 
"Santovac'I§', is a polyphenyl ether with a low vapour pressure and a 
low tendency to backstream. 
The backmg line of the diffusion ptnp is also shown in Fig. 
4-3. This consists of 1 ins diameter copper piping to which has been 
fitted a Pirani gauge, for neasuring the backing line pressure. and an 
ail' .mittance valve. The pressure in the backing l:ine was maintained 
by a Metrovac rotary vacuum punp. A valve operated by a spring 
loaded solenoid was mom ted next to the rotary plDIp as a safety factor. 
We used a V. G. RTl foreline trap, containing molecular sieve type l3X 
to reduce the possibility of organic contaminatim, by the rotary ptDp 
oil, frail reaching the chamber via the diffusion J1IIIlP. A safety 
feature incorporated into the electrical cmnections was to operate the 
magnetic valve and the diffusion ptlllp heater han me of the teminals 
of the three phase rotary punp motor electricity supply. Then any 
interuption of the electricity supply wch switches off the rotary 
pmrp wuld also tenninate the power to the diffusion punp heater and 
isolate the rotary l1D'1P by closing the magnetic valve, thus minimising 
any possible damage. The diffusion pump is additionally protected 
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PLATE 2 
from over-heating by a thennal cut out which switches off the heater 
electricity supply when the punp walls exceed 40°C in temperature. 
The vacuun chamber is still rough punned by the sorption pump 
to pressures of 10-3 Torr before the diffusion pump isolation valve 
(A in Fig. 4-3) is opened. The Ferranti FJD 50 ion pump which has a 
removable magnet was still kept attached to the system, to assist in 
the pmtping down of the chamber and also to maintain a low pressure with-
in the chamber dttring periods when the diffusion ptmp had to be 
switched off,as for example at weekends. DiffUsion pumped systems need 
carefUl attention. because of their canplexity and also to maintain the 
level of liquid air coolant in the cold trap for efficient operation 
whereas ion and getter pumps can be left unattended for long periods, 
mce switched on. Plate 2 shows an overall view of the vacuun 
apparatus as p.mtped by the diffUsion punp. 
Mter punping the vacuum chamber with the diffusion ptunp for a 
period of 72 hours a mass spectra of the gasses within the chamber was 
recorded with the quadruple mass analyser, and this is shown in Fig. 4.4. 
No hydrocarbon contamination could be detected, the gases within the 
chamber being predaninantly carbcn monoxide, carbon dioxide and oxygen. 
A small peak due to water vapour was also identified. The vacuum 
c.ha1Iber, while being yunped by the diffusion punp, was then given a 
o 
mild bake at a temperature of 150 - 200 C for 5 days. After turning 
off the heaters and further punping for 3 days, the pressure inside the 
-9 
chamber was measured to be 1 x 10 Torr. (by the quadruple mass analyser) 
and the mass spectra of the gases within the chamber is ShoWl in Fig. 
4-5. The baking appears to have ranoved the oxygen and water vapour 
from the chamber leaving CO and 002 as the major contaminant gases. 
No heavy hydrocarhm molerules could be detected and subsequent baking 
and evacuating cycles failed to introduce such molecules into the 
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Fig.4-4. Mass Speotra of the Gases Within the Chamber After 
Evaouating for 72 Hours With the Diffusion Pump 
(Total Pressure 1 X 10-7 Torr.) 
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Fig.4-5 Mass Spectra of the Gases Within the Baked Chamber 
After Evacuating With the Diffusion Pump To a Pressure 
< -8 of 1 X 10 Torr. 
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chamber indicating that as far as the mass spectrameter could detect 
a negligible amount of backstreaming was occuring from the diffusion 
pump working fluid. 
In conclusion we can say that as far as the quadruple mass 
spectrometer can detect the diffUsion pump provides a successfUl pumping 
arrangement for the vacwrn chamber, free of hydrocarbon contam:inants. 
The 10lest pressure so far achieved has been measured to be 5 x 10-10 
Torr and at these UN pressures the ambient gases within the vacuum 
chamber are CO and CO2• During the operation of the electron 
spectraneter, the ion punp was sw! tched off and the magnet removed a 
safe distance a\"8.y. No consequent increase of the pressure within the 
chamber could be detected, probably because the pumping speed of the 
FJD 50 decreases rapidly for pressures below 1 x 10-8 Torr so that swit-
ching it OFF has an insignificant effect on the total punping speed. 
4.3 General Features 
4.3~1 . The Uriiversal Moticn Target tmupulator 
we needed a target manipulator capable of allowing horizontal, 
vertical and rotary motion of the speclmen so that the target could be 
accurately positioned for energy analysis, surface cleaning operations 
and thin film evay>Oration. 
Such a manipulator is shown in Plate 3. It consisted of 
three brass plates. One of these plates was free to slide on a 
pillar mounted verticahly on the flange attaching the manipulator to 
the system. A screw arrangement ran through the centre of the pillar 
to 'Which this plate was attached so that hy turning the knob at the 
end, the plate could move vertically. rtltmted on top of this plate 
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were the other tl\U brass plates which were caT)ahle of sliding in the 
x and y directions. One of these plates grips a linear hellowsl\'hich 
accommodates the z motion of approximately 7 ems. The target was 
attached by means of a rod to an externally rotatable feed through so 
that by using this arrangeJTJ.ent target movement in the x, y and z 
directions as well as rotation '~possible. The cmstructional 
l\'Ork for the manipulator was carried out in the lmiversi ty workshops 
resulting in considerable savings in costs. 
Mbunted on the target manipulator flange were five mini 
canflats. These were used to provide electrical feedthroughs into 
the vacuum chamber. At one stage of instnment operation, of the 
five feedthroughs, two were used to provide power to a projectioo. lamp 
filament heater, two ,~re used to provide connections for a thermo-
couple and one was used to provide contact to the target. The target 
rod consisted of two sections separated by an :insulator so that the 
target could be earthed or used to measure the beam current fran the 
electron gtDl, as necessary. Details of the target motmting and 
projection lamp filament are shown in Plate 4. 
4.3.2. The Electron Gm 
The electron beam used to excite the transitions with:in the 
solid surfaces originated from a modified SE - 3K/Su12l electron gun 
hav:ing electrostatic focus:ing and deflection plates. The orig:inal gun 
used a heated tmgsten filament as the SOurC"..e of electrons but we 
eJqlt'rienced difficulty :in a1ligning the filmoont relative to the grid 
to produce emission so that it was eventually replaced with a 
strontium oxide cathode. This has the advantage of a large emitting 
area for the electrms and lower operating temperatures than tmgsten 
filaments but such cathodes are more easily poisoned and require 
ss 
frequent replacement. 
The rated maximun working voltage of the electron gm was 2. 7 Kev, 
but we have used the SE - 3K up to 3.1 Kev and typically worked with 
primary electron vol tages of 2. 5 - 2.9 Kev for record:ing the Auger 
spectra. Typically electron beam currents of 100 llA could be easily 
obtained from the gun for primary voltage exceeding 2 Kev. TIle electron 
beam current was measured by allowing the beam to strike the target, which 
was biased at 90 v + ve., the leakage Olrrent to earth was then 
neasured with an Edwards D.C. Amplifier. 
The electron gun was shielded with netic and conetic material to 
prevent interference from stray magnetic fields. 
4.3.3 Pressure Measurement 
The pressure inside the chamber could be estimated by using the 
quadruple mass analyser, the ion gauge or the leakage current on the 
FJD 50 ion ptunp. The mass spectrometer was a Varian Associates 
Quadrupole Residual Gas Analyser model 974-0004 operated with an electron 
multiplier, at its output stage, to increase its sensitivity. This 
instnurent could be used to measure the total pressure or the partial 
pressures of the ambient gases inside the vacuum chamber. 
The ion gauge, supplied by V.G., was a Bayard-Alpert type model 
VG 10 operated by a IGP 3 control mite This was capable of measuring 
pressures as low as 2 x 10-11 torr. Additionally a calibration curve 
was available for the leakage current in the ion pump versus the 
pressure, allowing pressures as low as 5 J( 10-10 Torr to be estimated. 
4~3.4 Gas Admittance System 
Two gas inlet systems had to be constructed to admit research 
grade purity gases into the vacuum. chamber at a controlled rate. Argm 
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needed to be admitted into the saddle field ion source (described in 
Section 4.4) to produce argon ions for the etching of surfaces and 
additionally an oxygen admittance system was needed to perform 
adsorption studies. 
The oxygen gas admittance system is shown in Fig. 4-6. The 
cylinder conta:ining the gas (supplied by Air Products at a purity of 
99.995\) was connected by means of a 1 inch diameter stainless steel 
tube to two Nupro coarse leak valves 122 , labelled P and Q in Fig. 4-6. 
Cormection was then made via another piece of 1 inch stainless steel 
tube to a fine control leak valve type HD6 (Vacwm r,enerators), ,~ich 
was attached to the vacum chamber by a 2! ins. flange. The argon 
gas admittance system was of a similar design. 
To admit a rure gas into the chamber, the cormecting tubes 
needed to be flushed clean of any impurity gases. The flushing was 
carried out, Wlen the chamber had been pumped to a rough vacuum, by 
fully opening valves P, Q and HD6, and then partially opening the main 
valve, an the gas cylinder, a number of times for a few seconds. Then 
gas leaks from the cylinder thrrugh the tubes into the main chamber, 
effectively flushing out the impurity gases. All the valves were then 
closed and the vacum chamber punped to UlN pressures as nomal. 
Typically in an experiment gas can be admitted into the chamber, at a 
controlled rate, by slowly opening ~ID6 and using the valves P and Q 
to regulate the gas pressure. 
Fig. 4.7 shows the mass spectrum recorded during a controlled 
oxygen leak into the vacuum Chamber. The initial mass spectrum was 
similar to Fig. 4-5 and the ion gmlge was switched en during these 
measurements, it is thought that some of the oxygen is being converted 
into CO and 002 by the hot filament of the ion gauge. Fig. 4-8 
supports this hypothesis as this mass spectlUll was also recorded with 
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Fig.4-8 Mass Spectra During A Controlled Oxygen Leak Into The 
Chamber With The·lon Gauge SWITCHF.TI OFF. 
a ccntrolled oxygen leak but with the ion gauge switched off. The 
pressure inside the chamber increased to 6 x 10-8 Torr during the 
oxygen leak (reasured with the quadruple mass analyser) and the mass 
scan shows that now approximately 80\ of the gas inside the chamber is 
oxygen at this leak rate. 
4.4 Surface Cleaning Facilities 
A specimen in an ultra high vacuum environment does not necessarily 
have a "clean" surface so that in-situ specimen surface cleaning 
facilities had to be incorporated into the apparatus. A 1kw. projection 
lamp filament was mounted on the target flange (plate 4) to allow 
specimen heating and an argcn ion source was constructed to allow 
specimen etching, to generate a "clean" surface. 
4.4.1 Specimen Heating By Electron Rartbardment 
Target heating in the apparatus was accomplished by rotating the 
specimen and adjusting its height until it was directly opposite the 
projection lamp filament rentioned in 4.3.1. The filament was heated 
tmtil electron emission occurs and by putting a +ve H. T. vcl tage on the 
target, the specimen surface was bombarded ,dth electrons. The 
temperature to wch the target becane heated was measured with a 
chranel-alunel thermocouple and for the higher temperatures an optical 
pyraneter was used. Typically a target bombarded with a 100mA 
current of electrms of energy 10 keY l«>uld reach a tenperature of abrut 
2(XXJ~. The target be canes "clean" by thennal desorption of the surface 
layers and impurities. Although specimen heating may cause other 
effects such as the diffusion of bulk ~ri ties to the surface which may 
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limit the usefulness of this teclmique for surface cleaning. 
The normal operational proceedure was to firstly degas the 
projection lamp filament heater by slowly raising its temperature 
keeping the pressure in the chamber < 10-8 torr. When electron emission 
has started to occur, the target temperature was slowly raised again 
keeping pressure in the vacullll chamber below 1 x 10-8 torr tmtil the 
required target temperature was reached. Targets could either be 
kept at a fixed temperature for long periods or flashed to a high 
temperature by quickly turning on the electrical power. This latter 
method is useful if there is a possibility of surface segregation 
occuring. 
4.4.2 The Argm Ion source123 
This device cleans a surface by etching away the top layers by 
high energy argm ion bombardment, any changes in surface structure 
produced can be subsequently restored by annealing. The device we 
constructed has the advantages that it is electrostatic and operates 
at a low argm gas pressure. The rate of removal of the surface atoms 
can be cmtrolled so that the device can be used for depth profiling in 
conbination with AES. Argm ion sputtering is a destructive tedmique 
and this disadvantage may limit its usefulness. 
The construction of the 5putterer was based on the papers of 
124 125 Pitch et al (1970, 1971) , • The device consisted of a 
cylindrical cathode made of stainless steel tube, 6 ens. :in diameter 
and 11.5 ems 1mg. The ends of the tube were sealed with stainless 
steel discs, Which also supported a pair of electrically isolated, 
loosely fitting anodes, as sho'Wll in Fig. 4-9. These anodes '~re two 
tmgsten wires 12 ens. in length. 1. 7 nun. diameter and placed 6 nm apart. 
These values were chosen from the papers of Pitch to maximise the 
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PLATE 5 
current between anode and cathode for optimum performance. The argon 
gas was admitted into the cathode tube by means of a stainless steel 
tube coupled to a MD6 leak valve such that the gas was only admitted in 
to the cathode tube and not into the whole chamber. The gas inlet 
system was similar to that described for oxygen in Section 4.3. When 
in operation the ions generated in the discharge escaped fron an 
aperture 4 nm diameter in the cathode tube (Plate 5), in front of which 
the target to be etched was placed. The whole arrangement was molDlted 
on an 8 ins. flange, as shown in Plate 5. 
The operation of the ion source is based on the discovery that 
the electrons describe long oscillating patllS in the electrostatic field 
configuration of the above electrode arrangement. As a result the 
probability of ionizing any gas atoms present in the source is greatly 
incre'ased so that a discharge can be sustained at considerably lower 
pressures than conventional cold cathode discharge tubes. The positive 
ions created are accelerated towards the cathode and eroorge with a range 
of velocities out of the aperture. 
The ion source constructed by Pitch operated for argon pressures 
of 10-4 - 10-6 torr, however, during the operation of our device we were 
unable to monitor the pressure inside the cathode tube, but the pressure 
-6 inside the main chamber was 1:11: 10 Torr so that pressures inside the 
tube were probably similar to those used by Fi tch. The device was 
normally operated with 6 - 8 Kev anode voltage giving a tube current 
between the anode and cathode of 2 - 3 mA. The target current to 
earth for these candi tions was between 15 - 30 uA, with an es tirnated 
-2 
current density of about 100 AA erns. These values were similar to 
those obtained by Fitch et al. 
Sane results obtained from a stainless steel target, illustrating the 
cleaning action of the ion source, are shown in Fig. 4-10 (a) and (b). 
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A.E.S. The figure shows the removal of carbon contaminant from the 
sUrface t o reveal the characteristic iron peaks expected from stainless 
steel . 
• By wel.ghing a stainless steel target before and after ion 
b<lllbardIoo nt, under known conditions, a removal rate of 3 atans per ion 
was calculated in good agreenent with Fitch who obtained a yield of 4 
atoms pe • r l.CIl. fran a copper surface. For bombardment of a surface by 
6ICeV,3O \.!A • tons from the source a removal rate of approx. 4 atan layers 
per mi 
nute is estimated. 
!:!.3 Cold Cathode Inert Gas Sputtering 
This is a less well controlled method of surface cleaning than 
the electrostatic ion source, although the principle of etching by ion 
banbar_ . 
nt l.S similar. The proceedure adopted was to allow argon gas 
(~~e . . 
rt gas l.S suitable) into the vaCUlD1l chamber, from Wrlch the 
Vaeuun 
PUI1Jps had been isolated to a pressure '\i 1 torr. Then a glow 
dischar ' ge was struck between a positive electrode, and the target, 
Which Was at earth potential. Thus the surface of the target was 
effect· l.vely bOni>arded with argon ims. This method was often found to 
be sUitab1 e for the first stage of the surface cleaning process, so as 
~~al . b a moderately clean surface which could then be llllproved upon 
y Us~g 
one of the other tecimiques. 
The cleaning actim by this method is illustrated in Fig. 4-11, 
~hich h 
. s ows the Auger spectra fram a stainless steel target after 30 
lll:i.nutes 
. and 120 minutes of cold cathode inert gas sputtering respect-
l.V'el\r 
#' It in . may be seen that the carbm Auger ~ak has been reduced 
lIltensit b . d the y Y the sputtering action and the :ilOIl peaks l.ncrease as 
surface . CQ'ltanunants were removed. 
t This technique has limited use because the chamber has still 
() be ev 
aCUated to U.H.V. pressures and as this involves baking sane 
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The compositim of the surface tmder ion bombarcbnent was monitored with 
A.E.S. The figure shows the removal of carbon contaminant from the 
surface to reveal the characteristic iron peaks expected from stainless 
steel. By weighing a stainless steel target before and after ion 
banbardment, tmder known conditions, a removal rate of 3 atans per im 
was calculated in good agreenent with Fi tch who obtained a yield of 4 
atoms per im fran a copper surface. For bombardment of a surface by 
6KeV,30 ~ i.ons from the source a removal rate of approx. 4 ataI! layers 
per minute is es timated. 
4.4.3 Cold Cathode Inert Gas sputtering 
This is a less well controlled method of surface cleaning than 
the electrostatic ion source, although the principle of etching by ion 
banbardment is similar. The proceedure adopted was to allow argon gas 
(any inert gas is suitable) into the varuum chamber, from which the 
vacuum ptDDps had been isolated, to a pressure 'Iio 1 torr. Then a glCM 
discharge was struck between a positive electrode, and the target, 
which was at earth potential. Thus the surface of the target was 
effectively bombarded with argon ions. This method was often found to 
be suitable for the first stage of the surface cleaning process, so as 
to reveal a moderately clean surface which could then be improved upon 
by using one of the other teclmiques. 
The clean~ action by this method is illustrated in Fig. 4-11, 
which shows the Auger spectra fran a stainless steel target after 30 
minutes and 120 minutes of cold cathode inert gas sputtering respect-
ively. It may be seen that the carbcn Auger ~ak has been reduced 
in intensity by the sputtering action and the Don peaks increased as 
the surface cmtaminants were removed. 
This technique has limited use because the chamber has still 
to be evacuated to U.H.V. pressures and as this involves baking some 
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(!tl'tamination may be re-:introduced on to the target surface. The 
results shown in Fig. 4-11 were recorded by evaOlating to pressures 
- 10-8 torr, without baking the chamber, after cold cathode inert gas 
sputtering. 
4.4.4 Thin Film EV!poration 
. By evaporating a material fran an out gas sed filament or an 
evaporation boa1; in a U.H.V. environment, onto a suitable substrate a 
clean surface characteristic of that material can be produced. Such 
a facility was provided in the present apparatus and was used in 
the investigation of several canpOlDlds and the e1erent bismuth. 
4.5 Design of a cy1:indrical Mirror Analyser 
4.5.1 Introduction 
The theory of the cylindrical mirror analyser (Q.1A), (also sane-
times referred to as the cy1:indrica1 capacitor) has been available for 
sane time, but experirenta1 arrangements involving the energy 81alysis 
of charged particles by such an analyser is a canparatively recent 
deve1opnent. The Q.tA was first described by Blauth (1957) 126, but it 
was Palmberg, Bolm and Tracy (1969) 20 who first realised its potential 
as an Auger electron spectrameter. Nowadays it is generally accepted 
that the (MA. is perhaps the best analyser for AES both from a 
calstructional and perfonnance standpoint. It has the advantage of a 
high transmission (up to 10\) for a dispersive type of analyser as well 
as a superior signal/noise ratio (by as much as a factor 100) than a 
retarding field type of analyser. 
In the present work a CM\. was des igned and constructed, and 
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subsequently used to perfonn AES and CELS investigations on selected 
surfaces. In the following sections the theory, construction and 
perfonnance of such an analyser are described. 
4.5.2 Theory of the CMA 
The theory of the cylindrical capacitor as an energy analyser 
has been thoroughly treated by Sar-El (1967)127 and by Zashkvara et 
a1 (1966)128. Their main results, upm l'Alich the constructiat of 
rur CMA was based, are briefly sunmarized in this section. 
The cylindrical capacitor analyser consists of two co-axial 
cy1:inders with a radial electric field in between, usually produced by 
a voltage on the outer cylinder with the inner cylinder at earth 
potential. Fig. 4.12 shows a cross section thrrugh the cylindrical 
analyser. The hollow inner cylinder has two slots cut around its 
periphery in such a way that the plane detennined by them is nomal to 
the Call1lon axis of the cylinders. The theory is usually developed for 
electrons originating frOf1l asrurce S located on the co-axis of the two 
cylinders. The source is assumed to be at ground potential, like the 
irner cylinder, so that the electrons fo11CM straight line trajectories 
While :inside the inner cylinder. Those electrons emitted about the 
angle e enter the electric field region, between the cylinders, through 
the first slot. Then by a suitable adjustment of the voltage at the 
outer cylinder, mono-energetic electrons are deflected back to the imer 
cyl:inder through the secoo.d slot to be focussed at I. 
In principle ~ can have any value between 0 and w/2 with the 
exception of both limiting values. Each angle will detennine three 
main interdependent parameters for the ~, (i) the srurce to image 
distance on the CCJlllloo. axis of the cylinders, (ii) the corresponding 
deflection voltage for particles of a given energy, (iii) the ratio 
.. 
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Fig.4-12 • Schematic Diagram or The Cylinderical Mirror Analyser 
Showing Particles From Source S Being Focussed At I By 
A Voltage V On The Outer Cylinder. p 
between the radii of the cylinders. 
Particles of a given energy entering the electric field region 
be~en the cylinders have an angular divergence Q :!: Aa. Because this 
divergence is small the distance between the source and image L, can 
be expanded as a Tailor series: 
elL (~ 1 d2L 2 L • 10 + (IJ A + - '"::!. (Aa) •••••••• 
2! de 
The condition for first order focussing requires that ~ = o. The 
theoretical work of Sar-El and Zashkavara showed that for a particular 
value of e • 420 18', the second order focusmg tenn is also zero and then 
the linear dispersion in the focused image at I is at a mininurn. Thus 
\\'e designed our instrunent to have e = eo = 42018', the optinum angle 
for the electrons to enter the electric field region for minimum linear 
dispersion. 
Then for the opt~ focusing condition the relationship between 
the radii of the cylinders and the voltage Vp on the outer cylinder needed 
to focus electrons of energy Ve, is given by 
~ • 1.3098 Log Cb) 
vp a Sar-El (1967) Eq. 4-1 
Where a· radius of the inner cylinder 
and b· radius of the outer cylinder. 
The distance between the source and image is then given by; 
2 ~ k 2/ L - 2a Cot Q (1 + k e-lk e -u 2 du) 
o 0 
Eq. 4-2. 
Where k2• 2.6198 Sin2eo• 
The transmission T of the analyser can be shown to be given by 
T • Aa Sine. o Eq. 4-3 
Sar-El has shown that the base resolution of an ideal instrument 
operating at the optimum focus:ing condition for electrons originating 
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fran a point source is given by 
R' := 21 T3 Eq. 4-4 
For a finite source of radius P and length S located on the 
central axis, Sar-El has derived the effect on the base resolution of 
the analyser to be given by 
R • S + 1.lP + 2lT3 5.6a Eq. 4-5 
(Zashkvara derives the effect an the reso1utim to be 0;5P ). 
Using the equations 4-1 to 4-5 a suitable instrunent for Auger 
electron spectroscopy can be designed. 
In a single stage Q.{A., having mlyone focus, a finite source 
of electrons will cause a distortion of the image due to the prescence 
of non-axial rays. These mm-axial rays can be eliminated by using 
DIlltiple focusing of the analysed beam, with an aperture at each focus 
to intercept the non-axial rays. Zashkavara has cmsidered the effect 
of multiple focusing of the analysed beam and shows that for a t~­
stage analyser (with double focusing) the transmission is nearly halved 
While the resolution is increased by factor of approximately two. 
4.5.3 Design 
The theory so far described was used to construct a suitable 
energy analyser compatible with the vacuum chamber and of sufficient 
resolution « 1\) for Auger analysis. At the time' ~ the initial 
design cnly single stage cylindrical mirror analysers had been used in 
ABS, Palmberg et al (1969) 20. But the single stage instrunent has 
certain experimental limitations in that the target has to be carefully 
positicned so as to allow the electrms to enter the analyser at the 
optimllll angle eo, in addition with different target positions the srurce 
to image distance cha-nges, thus the ratio Ve /Vp changes so that 
calibration is necessaxy for each target positim. Also in a single stage 
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~ non-axial rays from a finite source will cause a distortion of 
the focused image. 
To overcome these disadvantages of the single stage (}.fA. we 
decided to construct a two stage analyser, as shown in Fig. 4.13. The 
second stage of such an analyser defines a virtual image of the source 
from which the electrons originate, so that when the target is not at 
the optinun position as for example at position 2 or 3 in Fig. 4.13, 
there is sane loss of sensitivity, but the electrons still enter 
analyser at the optimun angle as if originating from the source S. 
The other advantages of a two stage (}fA are that an aperture can be 
placed at the first focus to intercept the non-axial rays and the ratio 
Ye /Vp remains constant, independent of target position. 
Other features taken into calsideration when designing the CMA. 
lere: 
(a) Resolution 
For a point source the resolution of an analyser is detennined 
by the semi angular apertre!l~ The angular aperture should be as 
large as possible to give the rnax:iJIll.UJl transmission, rut with an 
acceptable resolution. We decided on a value of :!: 60 for !la as used 
by Pa1mberg et al20 for a single stage ~. Such a value gives an 
optimum resolution of 0.5\ according to equation 4-4. For two such 
analyse!!; in tandem the resolution is expected to be about 0.3\ for a 
point sCluce, with a transmission of about 3 - 4\. 
(b) OVerall D:imensims 
It was intended to mount the CM\. in a 3.5 ins. diarneterlDrt 
(6 ins. flange) of the vaCUllll chamber. This was a constraint on the 
radii of the inner and ruter cylinders which could be used. The values 
eventually decided upon were, 
a • 0.5 ins. b • 1.153 ins. 
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Then the relationship between the voltage on the outer cylinder 
and the energy of the focused particles is, 
Ve .. 1.565 Vp. 
B was chosen to be greater than -fm, the maximtun distance fran 
the cylindrical axis of the electron trajectory, given by Sar-E1' s 
equation: 
Ym .. a exp. ( 1.31 Sin2eo)' 
.. 0.8989 ins. for our analyser. 
With the chosen values of the radii of the two cylinders, the 
sauce to image distance was ca1ru1ated fran Eq. 4-2 to be 
L .. 3.064 ins. 
4.6 Construction of the (}fA 
The theory and calculations StunIDarised in Section 4.5 provided 
a sufficient basis to produce constructional diagrams for the various 
canponents of the analyser. Fig. 4-14 smws the design of the imer 
cylinder which was machined out of stainless steel. AlCllg its length 
were milled four slots through which the e1ectrClls can describe 
trajectories as shown in Fig. 4-13. The dimensims were chosen to make 
Acs • 60 , 9 .. 420 18' and the source to image distance, 3.064 ins. 
Additima1 consideratim which had to be borne in mind were that a channel 
electron multiplier had to be mounted at the exit of the electrons, and 
that the cy1inder5shcu1d be as close as possible to the target so as to 
mdnimise the distortion of the electric field between the cylinders by 
the "end effects". A pmtograph of the machined cylinder is shown in 
Plate 6. 
To eliminate the nm-axia1 electron trajectories two apertures 
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PLATE 6 
l\1ere designed to rush fit inside the irmer cylinder at the two focii of 
the analysed electrons. Their design and positioning is shown in 
Fig. 4-15. The radius of the central hole of the aperture at I1 , 
effectively detennines the resolution of the analyser as this hole acts 
as an object for the second stage of the instnment. The distance X 
which also influences the resolution of the instnunent can be varied by 
turning the screw A in Fig. 4-15. 
The outer cylinder of the <MA was 5.510 ins. long and it 'Was 
machined out of o.l.uninitun tube so as to be of tmifonn bore throughout. 
It was made as long as practicable to reduce distortions of the electric 
field by the "end effects". The inside of the outer cylinder was 
initially a mirror finish but it was coated with gold black prior to 
assembly. This gold black is a po1ycrysta11ine gold film evaporated 
in an inert gas atJOOsphere whose effect is to reduce the secondary 
e1ectrm yield coefficient, Thanas and Patt inson (1970) 169, and so 
possibly improve the signal to noise ratio of the instrument. 
4.6.1 Assem1y 
The individual constructed pieces of the analyser had to be 
fitted together. The most critical aspect of the analyser design was 
the accurate concentric mounting of the cylinders and the positioning of 
the apertures. To assemble the inner and outer cylinder concentrically 
two end plates, of stainless steel, were constructed, Fig. 4-16. These 
were identical except for an extra hole in one of them to make an 
electrical connection to the outer cylinder. 
These end plates made a push fit on to the inner cylinder, the 
outer cylinder 'Was concentrically clamped between these end plates and 
electrically isolated £ran them by means of 8 spherical ruby balls of 
di.ameter 2.5 nm. These ruby balls rested in l¥lllows grooved out of the 
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1 ins. 
3.5ins. 
end plates and the outer cylinder was gripned between them by 4 
claJIping rods with screwed ends, as shown in Fig. 4-17. The slots on 
the irmer cylinder were covered with a f:ine tlmgsten resh, of 88\ 
transmission, to reduce any distortion their presence may introduce on 
the electric field between the cy1:inders. 
When the analyser is :in operation, the metal end plates are 
at earth potential so that they inevitably introduce a distortion of 
the radial electrostatic field. To reduce field distortions at the 
ends an attempt was made to use ceramic end plates on whose :inside 
surface was evaporated a thin resistive film. The outer cylinder was 
then clamped directly between the ceramic plates. It was intended 
that, when in operation, the voltage on the outer cylinder would cause 
a current to flow through the thin film setting up a potential 
gradient and thus reducing the distortion of the electric field 
between the cylinders. With such an arrangerent we obtained Wlusually 
poor signal to noise ratios in operation, probably due to inhomogenities 
in the resistance of the evaporated film causing distortions in the 
electrostatic field Whose effect was worse than the unifonn symmetric 
distortion produced by the retal end plates. 
Behind the exit aperture of the analyser a charme1 electron 
multiplier (CEM) was motmted by using a specially constructed collar. 
The multiplier was a type B4/9AL/Ol, supplied by the Mul1ard Companyl29, 
and is lIN canpatible being bakeable up to 2SOoC. This device has a 
gain ~ 108 when operating at the maxinun voltage, but this figure is 
thought to vary with the energy of the :incident electrons. 
The entire assembled analyser was moWlted on a 6 ins. flange by 
means of 4 rods, as shown in Fig. 4-18. Electrical camecticns were 
made to the outer cylinder and the channel electron multiplier by 
69 
../ End Plat 
/T / es 
Clamping Rods 
Channel 
Electron 
Multipl ie 
It::ioiI 
Fig . 4- l7 . 
The Assembled 
Analyser. 
3.5 
j n:;. 
1 ~; • 5 ~ n ~; • 
~~--------------------------------------------~ 
" 
tj:11- - - - - - -=-=-=-=-:::====~ 
- - -- -- - G'- - - ----
;' ,..- - -.... 11 ~---
';. - - - - , -- - - - - - \ -.;J 
: ~ \ ':~-:~~) ~ 
I-~-~':: ----;' '- ---' ~ --- -,'::h/ .-:~-...... -- - '" ... _ ... " .: _ _ _ _ _ _ _ . _______ I, S:==~---~~-I 
1----
- -
, 
-_.....--_ ... _-----
( 
Bins. 
q et, ~ t (' i c :l. 1 
':::::::J ,: ::ill
'
!ct0r:1 
U01Jnt ing 
Ihds G i r~ ~) • 
:.' lan[;,e 
Fig.4-18. ?he AS:Jerrlblen And ;Joi . mted Allilyser. 
PLATE 7 
"ceramseal", BNC type of feethroughs, welded to the motmting flange. 
The assembled and rnomted CNA is shown in Plate 7. 
4.6.2 Magnetic Shielding 
Since the presence of magnetic fields degrades the perfonnance 
of the Analyser shielding was provided. The effect of a weak uniform 
field along the axis of the analyser will tend to cancel out over the 
whole trajectory, but the performance will be most affected by transverse 
magnetic fields. Consequently the Q.1A. was enclosed in an cyl indrical 
shield made of 'co-netic' alloyl20. The thiclmess used was capable of 
attenuating a normally incident magnetic flux by 25 db. Due to the 
presence of large magnets, for the operation of ion p.mlps, in our 
laboratory environment additional shielding with netic material Chigh 
flux shielding) was fOund to improve the performance of the analyser. 
A layer of conetic and netic material was also placed on the outside of 
the end plates thus providing a cClTlpletely shielded analyser. 
4.7 Operation of the 0fA. 
The theory and construction of the alA have so far been sll1Ul1arised 
in this chapter. We now proceed to describe the operation of the 
instrument in electron beam spectroscopy particularly to the study of 
electron stimulated emission from solid surfaces. The analyser can be 
used to obtain either the energy distribution. of the SEE spectrum NCE), 
the first derivitive dN/dE of the energy spectrum or the second derivative 
d
2
N /dE2 by the use of suitable detection circuits. In this section we 
briefly summarise the theory of CMA operation as well as describing the 
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electronic detection circuits used. 
When the analyser is in Operation electrons from the target, 
stimulated by a primary beam, are entering the instnunent. At a 
partiOllar pass energy E, the current collected Ic at the exit aperture 
of the 0vfA. is given by 
Ic = Ip K E N(E) , 
Where Ip is the primary beam Olrrent, 
N(E) is SEE distribution at energy E 
and K is a constant for the analyser. 
Eq. 4-6 
Consider an expansion of this equation in a Tailor series about 
an energy Eo. 
that 
Then, 
Ic(E) = Ic(Eo) + (E-Eo) (Ic' (Eo)) + (E
z10) 2 (le" (Eo)) ••• 
So 
Ic(E) - Ic(Eo) = (E-Eo) lEo dN I + N(E
o
0 KIp L <m Eo J 
+ (E-Eo)2 G cL'J 1 + E d2N 1 J 
2t L (]!I E 0 cmt E 
o j 
KIp •• 
Eq. 4-7 
If l~ now apply a small a.c. modulation to the pass energy such 
E - E = k Sin l'it., 
o 
Then 
Ie(E) - Ie(Eo) = Sin wt ro ~ Eo + N(Eo)] kKIp 
+ (1 - Cos 2wt) [2 ~ I + E d2N ~J k2Klp 
<m E 0 dE2 4 
o j 0 
Eq. 4-R 
The first harmonic of the collector Olrrent is 
le (w,E) • ~ ~ + N(E)] k KIp 
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In this expression, because of the E factor, the tenn ~ is 
dominant so that if the pass energy of the electrons can be modulated 
by a frequency w then the component of the collector Olrrent with 
frequency w is proportional to ~, the first derivitive of the SEE 
spectnun. 
4.7.1 Detection Circuit for &~/dE 
To obtain the first derivitive of the SEE spectrum an electronic 
circui t was designed to measure re (w,E), as shOlm in Fig. 4-19. A 
sinusoidal modulation was applied to tile voltage on the outer cylinder 
of the (}.fA, by way of the isolation transfonner, effectively modulating 
the energy of the electrons collected at the channel multiplier. The 
circuit incorporated a H.T. supply voltage for the C.E.M., then the 
current from the CEH needed to be de-coupled to grOlmd potential before 
it could be passed into tile lock-in amplifier. The isolating capacitor 
was rated to breakdown at 4 KeV and its value was chosen so that its 
impedance Zc « Ra at the modulation frequency. 
The deflecting voltage on the outer cylinder of the Ca\ was 
supplied by a programrneable 'Kepco OPS 2(x)()' negative voltage supply. 
The prograrruoor was a Kepco PG IOO/A instrument, which also supplied the X 
input of the dlart recorder. TIlen as the voltage on tile outer cylinder 
is ramped bringing different energy electrons into focus on to the CFM, 
the recording pen sweeps horizontally in proportion. TIlis arrangement 
allowed the voltage on the outer cylinder to be swept at various speeds. 
The modulation to the outer cylinder was supplied by a low 
distortion signal generator feeding the low voltage primary of a ferrite 
pot core 1:1 ratio isolation transformer. The signal generator also 
supplied the same frequency directly to the reference unit of the lock-
:in amplifier. The frequency and amplitude of modulation were variable 
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from the signal generator typically in normal operation frequencies of 
2ero Hz and modulation amplitudes of l-12vfi'>k-Ylkwere used although the 
transfOnrer was capable of dealing with frequencies of up to 40 KHz 
for possible fast scanning applications. 
The lock-in amplifier used was manufactured by Brookdeal 
Electronics and consisted of a reference unit (Type 422) a phase 
sensitive detector ~e 411) and a low noise amplifier ~ 450). 
It amplified and detected the signal from the CR~ at the modulation 
frequency so that its output was proportional to the first harmonic of 
the collector current (Eq. 4-8) and hence the first derivitive of the 
SEE spectnnn. The output of the lock-in amplifier l'las supplied 
directly to the Y input of the chart recorder so that with an appropr-
iate sweep speed the ~ vE spectrum of the specimen under investigation 
was traced out revealing the small features such as the Auger peaks. 
This is the noma1 more of operation of the D1A to obtain the first 
derivitive of the secondary electron enission spectrun, almost 
invariably used by all workers having such an instrunent. 
2 
4.7.2 Detection Circuit for ~ 
From equation 4-8 it is clear that the canponent of the collector 
Olrrent at 2w, re (2w ,E) is proportional to (t! + Ed2N). In this 
-dE dE 2 
expression the second derivitive of the energy spectrum is the dominant 
tenn and if we could measure Ic (2w ,E), then we could obtain a signal 
d2N proportional to /dE2• Now lc (2w,E) « lc (w,E) because of the 
convergent nature of the Tailor series and also because in the practical 
situation lc (w,E) is compounded by capacitance pick up from the 
modulation on the outer cylinder. So that when the circuit of Fig. 
4-19 was used to detect the component lc (2w,E) the PSD becare 
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overloaded with the component lc (w,E). Consequently it was decided 
to modify the circuit of Fig. 4-19 slightly by constructing a tuned 
load, which would filter out all frequencies except the pass 
frequency. TIle tuned load was designed to have a re;cnance at 1(XX) 
Hz so by modulating the outer cylinder at 500 Hz, only the canponent 
lc (l000,E) would be detected by the lock-in amplifier, Fig. 4-20. 
The output of the PSD is then proportional to E~~ • 
The recording of spectra in the second derifitive mode has 
certain advantages in that S0100 structure in the ~ spectrum can be 
easily resolved also the location of the maxima of the peak in thp- .g. 
nE 
spectrum occurs at tile same energy as the peak in the N(E) spectrum, 
whereas in the first derivitive of a spectrum the energy of a feature 
has to estimated from the mid position of the peak-peak height. We 
found the ~ mode of operation particularly useful for tile charact-
eristic energy loss measurements although the signal to noise ratio 
was not as good as detection in the &~/dE mode consequently the weaker 
peaks in energy loss spectroscopy ,-rere detected in the first derivitive 
mode. In the literature the operation of Q~'s in the second derivitive 
mode for energy loss measurements appears to be increasing in popularity 
ego Rawe99 ,116 and Ludeke et al115 record their energy loss spectra lath 
a CMA operating in this mode. 
4.7.3 Detection Circuit for N(E) 
As already mentioned (Equation 4-6), the collector current at the 
exi t aperture of the a·" is 
Ic = K E N(E) Ip. 
Now supposing we ITDdulate the intensity of the primary electron 
beam by a sinusoidal wave k.t Sin wt. 
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Then Ic = KEN (E) (10 + le' Sin wt) , 
so that the collector current consists of a d c term and a sinusoidal 
tenn le' (w,E) = k'K E'Jl (E) Sin wt. 
Then by detecting tile component of the collector current at the 
frequency w the output of the lock in amplifier is proportional to 
EN (E). 
It is well known that the electron beam current is controlled 
by the grid voltage so that by modulating this voltage the intensity of 
the primary beam can be modulated by a frequency w. The circuit used 
for intensity modulation and subsequent detection of lc' (h' ,E) is shrnm 
in Fig. 4-21. The detection circuit 'vas similar to that used for 
obtaining the first derivitive Cc.f. Fig. 4-19), with the modification 
that the voltage from the OPS 2cxx) supply was nO\V applied directly to 
the outer cylinder with the ferrite pot core trrL~former removed. An 
output from the lock-in amplifier proportional to the EN (E) distribution 
of the emitted electrons could tllUS be obtained. 
It may be wondered ''lhy the direct d.c. output of the e13B lvas not 
used to obtain N CE). The reason is that the output of the nrul tiplier 
is at a H.T. voltage so that it needs to be decoupled to ground 
potential and additionally stray currents are picked up in the 
multiplier making this an unsatisfactory method for obtaining N (E). 
With the instrument in operation to obtain the N (E) distribution 
typical modulation voltages of 12 - 15 volts peak-peak at 1000 Hz were 
used as well as high electron beam currents = lOOllA. Fig. 4.22 shCMs 
the spectra recorded, on the same scale, from a molybdenum sample in 
the ~ and EN CE) mode of analyser operation. The Auger peaks are 
clearly detectible although they are on a large sloping b cckground in 
the EN CE) spectra. 
This mode of operation for a 0.11\ has not been widely used and in 
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fact in the literature only one previous study, by Seahl31 , using this 
technique has been reported. We fOlmd that Auger peaks were nonnally 
on large sloping backgrounds and weak features were difficult to 
identify so that this mode of operation was not used in our experiments. 
4.8 Experimental Properties of the CHA 
In this section same experimental results concerning the 
ftmdamental instrumental properties of the analyser are presented. As 
these results were recorded when attempts were still being made to 
improve the perfonnance of the analyser, they are of necessity, brief. 
4.8.1. Resolution 
The first results recorded on the instnunent were to detennine 
and optimise its resolution. Although the theorectical resolution of 
the instrtD'l1ent was .':It 0.3% there were a number of experimental 
considerations which prevented the achievement of this value. In 
particular it was fotmd difficult to reduce the size of ele electron 
beam to obtain a point soorce and additionally the size of the central 
aperture meant that the second stage of the instrunent wac; focusing 
electrons from a finite source. 
The resolution was obtained by measuring tile peak-peak width ~E 
of the eleastic peak in the first derivitive fonn. The width was 
assumed to be equal to the half width of the elastic peak in the N (E) 
form. The primary electrons were asstuned to be monoenergetic so that 
the observed elastic peak width was entirely instrumental. Then the 
resolution was calculated from R = ~ , where Ep ,vas the energy of the 
primary electrons. 
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The effect of ~le aperture size on the resolution is summarised 
in Table 4-1. The diameter of the apertures remains constant, in this 
experiment the resolution has been recorded as a ftmction of the 
distance X, in Fig. 4-15. The resolution was measured using a primary 
beam of 2 KeV and a modulation of 1.5v peak-peak. It was fotmd that 
with setting (3) in Table 4-1 the signal to noise ratio became so poor, 
when recording the Auger spectra, that X, of the end aperture was 
increased to 0.007 ins., and this was the final setting used to record 
all subsequent results. The experimentally measured resolution of the 
00 for this setting of the apertures was o. 7 - O. 8% • 
It has already been mentioned that the source size also influences 
the resolution of the instrunent. Sar-El (Eq. 4-5) and Zashk Vara128 
had predicted the effect, on the resolution, of finite sources and an 
investigation was carried out to experimentally test the theory. The 
source size was estimated by allowing the electron beam to strike a 
flourescent screen placed just beyond the target, different sized 
sources could be obtained by varying the focusing voltage in the electron 
gun. The resolution was estimated by recording the 1200 eV primary beam 
with Iv pk-pk rodulation in the first derivitive mode of operation. The 
results obtained, although of an approximate nature, are stmnarised in 
Table 4-2, together with the theoretically predicted values of Sar-E1 
and Zashkvara. The bngitudina1 dimension of the source was small in 
conparisoo with its diaJOOter so it was neglected in the calculations. 
These results of Table 4-2 are approximate because the source dianeter 
en the flourescent screen had to be estimated, nevertheless the 
experimental values indicate a confirmation of Sar-EI's formula for the 
resolution of an analyser with a finite source whereas the values 
predicted by Zashk vara are too high. The results show an increase in 
resolution with decreasing spot size as expected. 
TABLE 4-1 
Central Aperture End Aperture Resolution 
1) 0.010 ins; 0.010 ins. 1.2% 
2) 0.005 ins. 0.010 ins. 0.8% 
3) 0.005 ins. 0.005 ins. 0.5\ 
TABLE 4-2 
The Effect of Source Size on the Resolution 
Source Size Resolution ReSOlti~ Resolution 
(mm.) (Sar-El) 127 (Zashk vara) 28 (ExperiJOOntal) 
1 1.8\ 4\ 1.6\ 
1 1.4% 3\ 1.2% 
1 1.1\ 2\ 1.1% 
1 0.7\ 1\ 0.6\ 
4.8.2 Effect of the Amplitude of ~1odlation 
In AES and CEL~ the modulation technique is normally used to 
obtain the first derivitive of the secon~~ry electron emission spectnnn, 
consequently it is important to Imderstand the role the amplitude of 
modulation plays in the recorded derivitive peak heights and additionally 
hrn'l to interpret the peak heights in quantitative AES. In this section 
some results obtained ,rlth our analyser operating in the first derivitive 
mode are presented. 
In Fig. 4-23 the change in the ohserved peak height with amplitude 
of rodulation vm is shown for two elastic pea.1(s. The height of the 
recorded elastic neak increases to a MaXima and then SI01'lly starts to 
decrease with further increase in \'m. The amplitude of modulation at 
which the maxima occured was fotmd to be approximately equal to REp, that 
is the energy 't'lindow of the analyser. This result suggests that for maxinun 
instrumental sensitivity to a peak at enerp,y E an amplitude of modulation = 
R x E must be used, with larger values of VJ1l. not only does the sensitivity 
decrease but the resolution also deteriorates. During the course of 
these results it was fotmd that for small ampli tude modulation the peak 
width was approximately equal to the enerp,y wind01'l of the analyser. 
In quanti tati ve AES frequently the heights of tl«> peaks at 
different energies needs to be compared. To gain SCl'l\e insight into the 
instrumental response some results were recorded on the el~~tic peaks 
at 300, 400, 500, 600 eV,rlth amplitudes of modulation: 1, 2, 3, 4, 6 
and 8 volts. The observed elastic peak height in the first 
derivitive spectrum is plotted as a function of peak energy, for 
ctifferent amplitudes of modulation in Fig. 4-24. All other parameters 
were kept constant during these measurements. From Fig. 4-24 it is 
clear that if hA is the height of the elastic peak at energy EA' hn is 
the height of the elastic peak at energy EB then the ratio hA 
/hB 
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depends on the modulation used. This result suggests that care needs 
to be taken when comparing ~o Auger peak heights at different energies. 
The results so far suggest that the observed height of an 
elastic peak is a complex interaction of the energy window of the 
analyser and the modulation amplitude. The question arises as to how 
the peak heights at different energies are related when recorded by a 
modulation 811¥Jlitude ~ = till, the energy window of the analyser at that 
energy. Results were recorded to answer this question and they are 
plotted in Fig. 4.25. A resolution of 0.8% was assumed for the analyser, 
then the elastic peak, due to 300 eV electrons would be focused by a 
vcl tage of approximately 200 on the outer cylinder, so in these results 
it is recorded with a modulation amplitude of 0.8% of 200 .. 1.6 volts 
pk-pk, similarly for all the other peaks. All other parmooters were 
kept constant (Ip = 3}JA for each energy). A direct proportionabi ty 
between the energy and peak height is now observed so that hA/hB = EA/EB. 
These results obtained for the elastic peaks can be used as a 
guide to compare Auger Peaks at different energies. Auger peak;are 
generally much more canplex having different shapes and widths, but to 
a first approximation these differences can be neglected and the heights 
of two Auger peaks at different energies compared by recording them with 
an appropriate modulation equal to the energy window of the analyser. 
Then amongst other factors the height of the Auger peak will be 
proportional to its energy. This result is later used in the a:d;orption 
of oxygen on a molybdenun surface. 
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4.9 Comparison with other Analysers 
There has been no report in the literature describmg the 
construction of a double focusing cylindrical mirror analyser since 
the conmencenent of this work although the construction of a smgle 
stage instrument has been described by Arnott et a1 (1972)132 and by 
Bishop et al (1972/3)133. TIle double focusing analyser has now 
becone conmercially available fom P.E.I. 56 (model 15-255) with a 
minimum resolution of 0.4%. It is thought that the P.E.I. instn.uoont 
has a better resolution than ours because it uses a smaller central 
aperture diruooter (lmrn) than us (1.84nun, Fig. 4-15). There are 
several co~rcial organisatims (P.E.I., VG, Varian) marketing single 
stage instruments with resolutions ~ 1\. 
The other analyser widely used in Auger spectroscopy is the 
retarding field (RFA). These instn.unents have been constructed with 
better resolutions, on the elastic peak, than the Q..fA described here, 
eg. Wright53 measures a resolution of O.OU on the 1 Kev elastic peak. 
But an RFA needs a large modulation arnpli tude ( 5 - 10 v pk-pk.) to 
detect the Auger peaks because of their poorer signal to noise ratio 
hence in practise the <:MA is superior for Auger analysis. 
4.10 Summary and General Comments 
This chapter has described the successful construction of an 
apparatus for surface studies. An ultra high vacuum ( 5 x 10-IOtorr) 
environment can be routinely obtamed by mildly baking the Chamber up 
to 2000C for a few days and then e1ectronspectroscopy studies 
perfonned on a specimen. AA electron energy snalyser, suitable for 
Auger spectroscopy and characteristic energy loss spectroscopy, has 
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been constructed whose perfonnance (resoluticn 0.7 - 0.8%) compares 
favourably with canmercially available instrunents of considerably 
higher cost. 
The following chapters are devoted to presenting the results 
obtained, by using this apparatus to study selected materials. It 
must be stressed that not all the results presented in the following 
chapters were recorded with the apparatus at its optimun perfonnance. 
In particular the reasurerents on stainless steel, gold and sane of the 
molybdemDl1 results were recorded when the apparatus \'1as still at a 
developnent stage. 
A large number of Auger spectra in the ~ mode were recorded in 
the course of the present work and in general, tmless otherwise stated 
in the text, the instnunent operating conditions were as follows: 
Primary beam energy - 2. 7 - 2.9 Kev. 
Primary beam rurrent - 50-70JJA, lower if beam induced effects 
present. 
Primary beam strikes target at a glancing angle of 20-25°. 
Modulation frequency - 2000 Hz. 
Modulation amplitude - 1 - l2v. pk-pk. 
Time constant on phase sensitive detector -
SWeep rate 
normally 1 sec, although 3 secs. and 
10 sec. also sometimes used. 
- normally leV/sec, but slower for more 
acrurate work. 
Prior to recording the Auger spectra, the output signal fran 
the PSD was maximised by adjusting the X and Y deflection plates in the 
electron gun. The spectra were recorded as a ftmction of the voltage 
Vp m the outer cylinder of the ~ and then calibrated by measuring the 
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voltage necessary to focus electrons of a known prDnary energy, 
without altering the target position. Although the theoretical ratio 
between the energy of the particles Ve and the fOOlSing voltage Vp on 
the outer cylinder was 1.565 in practise slightly lower values (1.530 -
1.550) were measured, possibly due to the influence of "end effects". 
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rnAPTER 5 
AUGER ELEcrRCN SPECI'ROSroPY OF STAINLESS STEEL (ENS8E) 
5.1 Introduction 
Stainless steel is a widely used material whose surface properties 
are of considerable practical interest. The Auger spectrum of stainless 
steel was initially studied because it contains a number of elements 
having peaks over a wide energy range, so that the detection of these 
peaks would confirm the successful operation of the energy analyser. 
Additionally a specimen of stainless steel could be easily obtained and 
~ of a known composition so that the sensitivity of the instrument 
could be qualitatively estimated. 
Previous surface studies have been carried out on stainless steel 
using Auger electron spectroscopy. In particular Stein et a1 (1969)135 
has used AES to confinn the segregation of atoms to grain boundaries 
during temper embritt1ement of low alloy steels. Depth profiles of the 
oxide films on stainless steel surfaces have heen carried Ollt 1,y Betz et al 
(1974)136 and by Goad et a1 (1974)137 using AES in conjunction with 
sputter etching. 
5.2 Experimental 
The specimen studied was cut from a 1/16th inch thick sheet of 
EN58E stainless steel (Type 304). This was the same grade which was 
used in the construction of the vacuun chamber. One face of the target, 
of dimensions (1 ens. x 2 ens.) was polished on wet grinding paper, 
different grades were used and the final polish was carried out on a lS11 
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(grit size) paper. The target was then polished with grade A diamond 
paste138 to give the surface a mirror finish. Before insertion into 
the vacuum chamber the target was ultrasonically cleaned in acetone 
and distilled water. 
-9 The chamber was then evacuated to a pressure of 1 x 10 Torr 
after several days of pumping and baking. The subsequent Auger 
spectra recorded were normally excited with glancing incident electron 
beam (20 - 250 ) of 2.9 KeV energy and 5~A current. 
5.3 Results and Discussion 
The initial Auger spectra of the spec:imen surface detected the 
Carbon KLL peak at ~ 270eV only. The top layer of the target surface 
thus needed to be reJOOved and this was attempted by using the cold 
cathode glow discharge method, described in sub-section 4.4.3. A 
cleaning action similar to that shown in Fig. 4-11 was observed to take 
place, but the C could not be completely removed. Further cleaning of 
the surface was carried out using the argon ion source described in 
sub-section 4.4.2, eventually when an estimated 2000Ao of the surface 
layers had been removed, an Auger spectra characteristic of the sample 
was recorded and this is shown in Fig. 5-1. Further removal of the 
surface layers did not produce any detectable chan:ge in the observed 
Auger spectra. 
Due to the inlet of gases for spectmen sputtering the pressure 
inSide the chamber deteriorated and the Auger spectra of Fig. 5-1 was re-
corded in avaCltun of 1 x 10-8 Torr and as the gases inside the chamber 
are mainly CO, and CD2 this probably accounts for the large carbon and 
oxygen peaks detected on the surface at 270 and 513 eV respectively. 
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Fig.5-l. The Auger Spectrum Of An EN58E Stainless Steel Surface. 
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The composition of a piece of EN58E stainless steel had been 
detennined by the suppliers139 and is sunmarised in Table 5-1. 
TABLE 5-1 
Composition of EN58E Stainless Steel 
C 0.05% 
Si 0.62% 
Mn 0.99% 
S 0.015% 
P 0.034% 
Ni 9.26 % 
Cr 18.0 % 
The remainder being Fe 
The energies of the observed Auger peaks were determined and are 
sUJlIlarised in Table 5-2. From a knowledge of the canposi tion of the 
sample and using the P.E. I. Handbook of Auger Electron Spectroscopyl40 
for conparison, the elements fran which the observed peaks originate are 
identified and transitions assigned to them from the tables of Coghlan 
and Clausing36 , Table 5-2. 
There is some mcertainty as to the origin of the two peaks at 
445 and 456 eVe No element, of which the steel is COIIq)osed, has 
strmg peaks at these energies, a possibility is that they may arise 
due to the interaction. of the oxygen with the surface to fonn an oxide. 
No peaks were observed due to the eleJOOnts sulphur or phosphorus, as 
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TABLE 5-2 
Observed Auger Peaks from Stainless Steel (EN58E) 
<bserved 
PE! Energy (eV) 140 36 Fnergy (eV) Element Transition 
46 Fe 47 ~f2/3"'·f4/5~f4/5 
92 Si 92 L3Mz/3Mz/3 
216 Ar 215 L3 rtz/3r'~/3 
252 
260 
272 C 272 K L2/ 3L2/ 3 
384 N 381 K L2/ 3L2/ 3 
445 
456 
478 
°2 475 K L1L1 
490 02' Cr 490,489 L3M2/ 3}7./3 (Cr) 
K L1L2/3 (02) 
513 
°2 510 K L2/ 3L2/ 3 
528 Cr 529 L3~1z/3M4/ 5 
550 Fe 550 L3 ~\ r1z/3 
560 Fe 562 L2 HI H2/ 3 
513 er 571 L3 ~f4/5~t4/5 
596 Fe 598 L3 ~1z/3~7./3 
610 Fe 610 L2 M2/lIz/3 
650 Fe 651 L3 ~·7./:S~f4/5 
703 Fe 103 L3 M4/ 5M4/ 5 
715 Njje 116,716 L2 M4/ SM4/ 5(Fe) 
L3 M2/ 3Mz/3 (Ni) 
782 Ni 783 L3 MZ/'S14/5 
845 Ni 848 L3 ~f4/SM4/5 
expected, due to their small concentrations. The 92eV peak is 
idientified as the Si, L3 Mz/3 }.{z/3 transition implying an instnnnental 
sensi ti vi ty of less than 1% for Si. This peak could not be 
associated with any of the other elements present :in the sample so that 
it originates wholly from Si atans and its detection gives us a rough 
estimate of the instrumental sensitivity. The strong peaks bf 
manganese ocrur at 542 and 589 eV (P.E.I. energy), but these could not 
be detected because of the low concentration of this element and the 
presence of strong Fe and Cr peaks in this energy range. A peak at 
216 eV is identified as originating from argon and the one at 384 eV 
as being fran nitrogen, these elements are thought to have been 
embedded into the surface during the ion bombardment stage of specimen 
treatment. 
The intensity of the observed carben peak at 272 eV is larger 
than expected from the carbon concentration of the sample. Addi tionally 
the shape of the observed peak and parti0l1arly the features at 252 eV, 
260 eV suggest that the C is present in the fonn of a carbide. The C 
(KLL) Auger peak is mown to have a distinct shape depending on its 
chemical enviranrnent64• Coad and Riviere (1970) 141 have observed 
structure and overall shape similar to this in the carbon peak from 
nickel carbide Ni3C and the energies of their peaks: 270, 259, 250 eV 
agree well with our values suggesting that possibly the C present en 
our stainless steel specimen is bonded to the nickel atoms. The 
general shape of the C Auger peak in Fig. 5-1 is different fran its 
shape when recorded from a molybdemun surface as shown in Chapter 7 and 
the measured energies of the features are also different. 
The large C signal and the large oxygen signal at 513 eV probably 
originated from the poor vaan.un conditions in which the specimen was 
sttdied. The residual gases inside the chamber are carbm JOOnmcide 
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and carbcn dioxide and these are probably dissociating on the specimen 
surface tmder the impact of the electrcn beam, with the carbon atans 
fonning a carbide and the oxygen atoms combining with one of the other 
e1erents present in stainless steel to fonn an oxide. Betz et al 
(1974)136 have studied the formation of oxide films on stainless steel 
sw-faces and they have shown that chromitun oxide fonnation is favoured 
at all temperatures, in preference to NiO, or the iron oxides, thus we 
are inclined to associate the oxygen atoms as bonding with the chromitun 
atoms present on the surface. Other evidence to support this argument 
comes from the work of Ueda and Shimizu (1974)142 who have shown that on 
the fonnation of an iron oxide the 46 eV Auger peak of iron is split into 
two peaks at approximately 41 and 49 eVe We observed no such splitting 
of our 46 eV Auger peak in Fig. 5-1. 
Of the major Auger peaks from pure d1l'anitun at 489, 529, 571 eVl40 
only the L3 ~Iz/3 M4/ 5 transition at 528 eV could be clearly identified 
due to the presence of a strong oxygen signal in this energy range. By 
taking the peak to peak height in the derivitive spectrum as a measure of 
the intensity of a transition, the relative intensity of the 490 eV peak 
to the 513 eV (02 , KLL) peak in Pig. 5-1 is larger by 25\ than the 
relative intensity of these two peaks obtained fram the oxygen spectrum 
of P.E.I., indicating a contrirution to the 490 eV peak due to the 
chromium L3 Mz/3 Mz/3 transition. The 573 ev peak identified as the 
~ M4/ S M4/ 5transition is considerably reduced in intensity relative to 
the L3Mz/3 M~ transition than in pure chromium. 
The major !MM series of iron Auger peaks can all be identified 
and this portion of the spectrun is Fig. 5-1 compares well with Fe Auger 
spectrum of p.E.r. l40 although minor differences are observed. The 591 
eV peak of P.E. r. is only observed as a shoulder in our spectrum and the 
650 eV peak appears to have broader low energy tale than the same peak 
87 
in the pure element. 
The three principal nickel peaks were also detected although 
their intensity is weak due to its low concentration. The Ni L3 M2/ 3 
Mz/3 is expected to make only a small contribution to the 715 eV peak 
which is thought to be primarily an iron transition. TIrus all the 
major elements of \.mich the stainless steel was composed of were 
identified on the surface. 
5.4 Sumnary 
At this stage of the apparatus performance an Auger spectra had 
been successfully obtained fram a EN58E stainless steel sample 
validating the design and correct operation of the energy analyser as 
an Auger electron spectrometer in the energy range 0 - ~ eV. TIle 
results also confirmed the usefulness of the argon ion source as a 
surface cleaning tool. The major elements of which the steel was 
thought to be canposed of were identified from the Auger spectra and 
silicon ,vith a concentration of < 1\ was detected indicating a rough 
estimate for the sensitivity of the instnunent. 
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rnAPTER 6 
ntE AUGER AND CHARAcrERISTIC ENERGY LOSS SPECTROSmpy OF GOLD 
6.1 Auger Spectroscopy of Gold 
6.1.1. Introduction 
Gold is a comparatively inert noble element, and for this reason 
it was chosen for study in the early stages of operation of the 
equipment when a UHV environment could not be easily obtained. The 
element is widely used in rure and alloy form and this study is a 
contribution to the Auger electron spectroscopy of gold surfaces. 
There have been several previous studies of the Auger spectra of Au, 
143,144,145,140,82 but the only complete spectra published has been by 
P.E.I. l40• In general the published spectra are in broad agreement with 
each other and with the spectra of Suleman (1971) 51 and Wright (1974) 53 , 
recorded in our O\m laboratory, using a retarding field type of analyser. 
6.1.2 Experimental 
A target of 1.5 ens x 0.8 ens. dimensions was cut from a sheet of 
po1ycrystalline gold of spectroscopic purity, supplied by the Johnson 
. 146 
Matthey Company • One face of the target was polished with grade A 
diamond paste and then ultrasonically cleaned in acetone and distilled 
water before inserting the specimen into the chamber. The chamber was 
then evacuated and baked up to a temperature of mOc, for several days 
-9 to obtain a pressure ~ 10 Torr. Auger spectra were then excited by 
a glancing incidence electron beam of 2.7 - 2.9 KeV energy and up to 
70pA beam current. 
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6.1.3 ~s1ts and Discussion 
The initial Auger spectra of the tarp,et revealed a strong peak at 
272 eV due to carhon. r:01d Nas known to have stronf! neaks in the 
.> • 
enerw range 66 - 70 eV, and a1 thouRh these peaks were detected they 
were of approxiMately the same intensity as the C peak, additionally the 
signal to noise ratio in the Auger spectra for such a surface ",as very 
poor beinp,- only about 5: 1. The shape of the carhon peak suggested 
that it was present on the surface in the fonn of a graphite layer and 
not as a carbide. A small peak due to oxygen could also be detected at 
510 eV about 1/2Oth the size of the main C neak. 
Attempts were made to reroove the carbon ccntamination fl'Ofll the 
surface hy argon ion bornbar<hnent usin1! the snutterer, hut although S(JTle 
redllction in the size of the carbon Auger ~ak occured, it could not he 
eliminated. Attempts ,,,ere then made to reduce the contaJTl.ination hy 
heating the spectmen to near its melting point (13360 k), hyelectron 
bombardmen t for short intervals. This ,,,as fotmd to further reduce the 
carbon Auger signal but it could not be completely rCJ!loved. Joyner et al 
(1973)82 also found that cathon could not he completely removed from a 
gold surface by si.Jlm1y heating the specimen. Possibly there is sorne 
segregation of carbon occuring from the hulk to the surface of the ta-rnet 
during heating eventually reaching an equilibrium situation when the amount 
of carbon rerooved from the surface equals the amotmt which segregates from 
the bulk. It was noted that as the carbon contaJ1l.inatim decreased the 
signal to noise ratio improved. 
Wi th the carbon peak at a minimum and no detectable oxygen neak, 
the low energy Auger spectrun of gold is shown in Fig. 6-L The 
overall appearance of the snectra is in good agreement with the '«>rk 
of other authors. Fig. 6-1 was recorded ,dth a modulation aMplitude 
of 3v pk-pk and a strong peak in the Auger spectra was observed at 
65 - 70 eVe Fine structure in this peak was detected 'men I volt 
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TABLE 6-1 
Energies of Observed Peaks (eV) of Gold 
Present Work PEI
140 Joyner and Haas et al 
(1972) Roberts (1973)82 (1970) 143 
47 43 44 
58 56 
63 
67 66 66 
70.5 69 68 
99 
143 141 136 144 
150 150 146 
161 160 158 156 
163 165 163 164 
185 184 180 
204 200 196 
216 
239 239 233 
255 255 248 
272 
322 323 
353 351/356 
pk-pk modulation was used, as shown in Fig. 6-2. The high energy 
peaks reported by P.E. I. at about 2000 eV could not be detected 
with our instnnnent at this stage of its developnent. 
The energies of the observed peaks are summarised in Table 6-1 
together with the values obtained by other Norkers. Our energy value 
of a peak is the position of its rnaximtmt negative excursion. 
Transitions were assigned to the observed peaks using the tables of 
Coghlan and Clausing and these are sumnarised in Table 6-2. The energy 
of the primary electrons is such that only the N and 0 levels are 
imized. In Table 6-2 only the strongest transitions, on the basis of 
the multiplicity, having an energy close to the observed energy are 
sumnarised and in many cases a single transition cannot be assigned to 
an observed peak. 
No transition could be satisfactorily assigned to the 58 eV peak 
possibly it is a plasmon loss of the N6,N7 W electrons, as the 
strongest peaks in the spectra were identified as due to N6,N7 W 
transitions. ~k>st of the peaks having energies above 100 eV were 
iden tified as Coster Kronig type transi tians, whose influence is 
particularly apparent when the intensity of the N6 W transition is 
compared with the intensity of the N5 W transition. On the basis of 
the mUltiplicity these transitions should have equal intensity but the 
observed value of the ratio of the peak heights is approximately 8 : 1, 
in favour of the N6 W transition and even this value rrust he regarded 
as a minimum due to the poorer C.E.M. gain at the N6 We1ectron 
energy. Vacancies in the N4, NS subshells are being filled by Coster 
Kronig transitions of type N4N6N7' NSN6N7 etc. effectively enhancing 
the vacancy distribution in the N6, N7 subshells contributing to their 
observed high relative intensity. The 272 eV peak was assigned to a 
carbon K L2/ 3L2/ 3 transition with SOlOO contribution from the gold 
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NS03V transition. 
It is interesting to note that the peaks identified as the N6, 
N7 W transitions are very narrow, lvhereas the valence band of gold 
has heen measured to be approxUnately 7 eVwide by photoemission147 ,148. 
As mentioned in Chapter 2, authors have suggested that an Auger peak of 
type NVV will contain the convolution of the valence band density of 
states, but the narrowness of our observed N6, N7 W peaks, estimated 
width = 3 eV, suggests that a comparatively small part of the valence 
band of gold is available for an Auger emission process. These peaks 
appear to have more of a quasi-atomic nature than solid state character 
possibly the results reflect a variation of the transition probability 
across the width of the valence band or the operation of a selection 
rule as suggested by Joyner et a1 (1973) 82, with ,man our results are 
in broad agreement. These results are also in agreement with the 
observations on the L2/ 3 W Auger transition of eu
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, and the M4/ S W 
transition of Ag149 which display no valence band influences either. 
6.2 Energy Loss Spectroscopy of Gold 
6.2.1 Introduction 
The instrument could easily be adapted to obtain the character-
istic energy losses of a material, so that after recording the Auger 
spectra of gold its characteristic losses were studied. There have 
been several previous measurements of the characteristic energy loss 
spectra of gold, Robins (1961)150 and Powe11 (1968)151 are considered 
the JOOst useful. Powell (1968) has reviewed the previous studies of 
the energy losses and indicates that there is some controversy as to 
the position and intensity of the observed losses when measured under 
identical conditions probably due to differences in surface topography 
and tile presence of surface contaminants as some of the results were 
recorded in poor vacuum. Thus it Nou1d be interesting to study the 
Au losses on an A.E.S. characterized surface, the only previous SUcll 
. 51 
study being by Suleman (1971) • 
6.2.2 ExperDnental 
The energy losses of gold were recorded on a surface character-
ized by AES. Auger spectra s~ilar to Fig. 6-1 were obtained before and 
after recording each loss spectra, particular attention was given to 
detecting any increase in the contaminants C, S and O. Sulphur and 
oxygen were not detected on the initial or final Auger spectra and no 
change in the 272 eV peak due to carbon could be found over the time 
scale of recording the loss spectra. 
The losses were recorded with the electron beam incident at a 
glancing angle of 20 - 250 • The energy of the primary electrons were 
measured with a digital voltmeter (DVM) and the voltage on the outer 
cylinder of the ana1y,ser needed to focus these electrons was also 
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TABLE 6-3 
Characteristic Losses of r~ld at Different 
Primary Energies 
PrimarY Observed Losses (eV) Electron Eilergy (eV) 
500 11.6 16.8 22.2 31.4 45.9 
SOO 12.0 16.5 23.0 30.0 41.5 
700 11.5 25.2 34.3 50.4 
700 25.2 32.0 48.1 
900 25.4 34.6 47.7 
1000 29.8 36.2 51.2 
11. 7 16.6 25.1 33.2 47.5 
TABLE 6-4 
Comparison of the All Losses 
Present Work S1e~ Powe11 Robin 
(eV) (1971) 1 (1968) 51 (1961) fso 
7 6.2 6.3 
11.7 10.8 
16.6 16.3 16 
25.1 25.6 24.8 25.8 
33.2 33.4 33.2 32.6 
48 
67 62 
90 
62.9 
67.3 
66.5 
67 87.6 
69.6 91 
66.9 89.5 
Cranfie1d (1964)153 
6.7 
16.3 
25.8 
32.6 
measured with a DVM to provide an accurate calibration of the energy 
scale. The losses were recorded in the dN / dE mode of operation of the 
analyser at different pr:imary electron energies. 
6.2.3 Results and Discussion 
The characteristic energy losses measured using different energy 
primary electrons are summarised in Table 6-3 and the mean values 
obtained. Typical loss spectra recorded with 5QO eV, and 900 eV 
primary electrons are shown in Fig. 6-3. The losses obtained from 
Table 6-3 are labelled on these spectra. The low energy losses are not 
detected With the 900 eV primary electrons due to the poor instrumental 
resolution at these energies hut the high energy losses are detected due 
to the higher beam rurrents increasing the instrumental sensitivity. 
The losses identified are compared with some of the values 
available in the literature in Table 6-4. The low energy loss observed 
at about 6 - 7 eV by various workers was not detected in our spectra 
possibly due to poor resolution. Cranfield et al (1964)153 identified 
the losses from optical measurements on gold thin films, whereas the 
other values quoted in Table 6-4 are from electron spectroscopy. The 
high energy losses detected in our spectra have not been previously 
reported. 
The losses of gold are complicated in comparison with the losses 
of a free electron metal, eg. aluminim. The presence of strong 
interband transitions and collective oscillations makes identification 
of the losses diffirult. Discussion of our observed losses is based on 
the optical properties of gold summarised by Cooper et a1 (1965)152, 
Fig. 6-4 and the binding energies of the outer electrons, shown in Fig. 
6-5, as obtained by Beardon and Burr30. The valence band structure 
. . t 147. 1 h . . fran photoenuss10n measurernen s 1S a so s own ID F1g. 6-5. 
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The 11.7 eV is the strongest loss observed in the spectra excited 
by the srn eV primary electrons but it does not correspond to ~I = 0, or 
to a maxima in - Im cl.) in Fig. 6-4. Additionally it is not suspected 
e: 
to be a surface loss as e:l. -1 in this region. PO\'iel1 has speculated 
that this loss is a plasmon oscillation although another possibility is 
that it is due to the excitation of electrons fran the N7 to the 02 
subshell, Fig. 6-5. This transition has an energy =< 11 eV in 
reasonable agreement with the energy of the observed loss. 
The 16.6 eV loss is much ,~aker in intensity, in Fig. 6-3. but 
it can be associated with a feature in the loss function - Im Cl). The e: 
identificatim of this loss as a surface plasmon with the 25.1 eV loss 
as a volume plasmon seems reasonable as they satisfy the nwp/fiws = I! 
relationship. Additionally e: 1 is close to zero and there is a strong 
maxima. in - Im (~) at abrut 25 eV giving further support to the 
identification of the 25.1 eV as a volume plasmm loss. On the basis 
of 11 electrons/atom in the valence band of gold CSdl 06Sl ) the plasmon 
energy for free electron oscillations can be calculated to be 29.7 eVe 
The discrepancy may be explained as being due to the presence of strong 
interband transitions at higher energies. 
The 33.2 eV loss has been interpreted as a voh.une plasmon by 
Cooper et al and by Powell, but another possibility is that it is due 
to the N6 - 03 interband transition, labelled in Fig. 6-5, whose energy 
is in good agreement with the observed loss. The 48 eV and the 67 eV 
losses are interpreted as excitations of the 03 and 02 electrons to 
states in the valence band and the 90 eV loss as the excitation of N6 
electrons to empty states above the Fenni level of the solid. 
95 
6.3 8ummary 
The Auger peaks of gold have been identified in the energy 
range 0 - 350 eV and transitions assigned to them. The spectra is 
apparently strongly influenced by Coster-Kronig type transitions and 
the obselVed width of the peaks involving the valence band indicates 
that only a narrow portion of the valence band participates in the 
Auger process. 
The characteristic energy losses of gold have been detennined 
from an A.E.S. characterized surface. Explanation of the losses have 
been tentatively suggested in terms of interband transitions and 
volwne and surface plasJOOns, by comparison with optical measurements. 
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CHAPTER 7 
MlLYBDENUM 
7.1 Introduction 
Molybdenum is a widely used 4d refractory transition metal, 
having a b.c.c. crystal structure. The effect of small concentrations 
of the element on the corrosion resistance of stainless steel is ~~ll 
established154 and the refractory properties make Ho suitable for use 
in electronic valves. Additionally molybdenum dioxide is used as a 
catalyst in the manufacture of anmonia so that a surface study of Ho 
is of practical importance. 
Auger spectroscopy has been used in a number of experiments to 
characterise clean and contaminated Ho surfaces, 155, 156, 157, 158 
mostly in cormection with the deposition of thin metal films on to a 
JOOlybdenmn surface, for potential use as thennionic emitters. Studies, 
using AES, have also been carried out on the adsorption of conrnon gases 
°
2
, N 2 m on to clean and contaminated !vb surface sI 59, 1 ro . Al though 
the Auger spectra of Mb is well established, transition have only been 
assigned to the major peaks, by Haas et al (1970) 143. Additionally 
although the loss spectra have been reported by a nlunber of authors 
there have been no studies on a ~,b surface characterised by AES. 
In this chapter a more complete Auger spectra than obtained 
previously is reported together with the characteristic energy losses 
fran a "clean" surface. Additionally work on the initial sticking 
coefficient of adsorbed oxygen on to a clean and contaminated Ho surface 
is presented. 
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7.2 Auger Spectroscopy of Holybdenun 
7.2.1 Experimental 
The target used was a flat moly1xientml plate of tmknown purity 
having dimensions 1 ens. x 2 ens. x 0.1 ens. and polycrystalline 
structure. It was supplied by the Hurex r.mpany164. One face of the 
target was polished to a mirror finish with the usual metallographic 
teChniques described in Chapter 5 for the stainless steel specimen, 
and ultrasonically cleaned in acetone and distilled 'iater before 
insertion into the chamber. The chamber was then evacuated and baked 
up to 2000C £Or several days achieving a base pressure ~ 10-10 Torr. 
Auger spectra were then obtained with the analyser operating 
to record the first derivitive of the secondary electron emission 
excited by a glancing incidence electron beam. 
7.2.2 Results and Discussion 
Initial Auger spectra of the target revealed strong peaks due to 
the contaminants sulphur ( at 150 eV, L2/ 3 Mz/3 H2/ 3), carbon (at 270 
eV, K L2/ 3 K2/ 3) and oxygen ( at 510 eV, K Lz/3 L2/ 3). The peaks 
characteristic of ~10 were only weakly observed. To remove these 
cmtaminants the molybdenum target \-ras heated in-si tu by means of 
electron bombardment from the proj ection lamp filament. The temperature 
of the target, estimated with an optical pyrometer, was gradually raised 
keeping the pressure in the vaa.n.un chamber below 1 x 10-6 Torr. Auger 
spectra from the surface were recorded periodically and it was follld 
that the target needed to be raised to a temperature ~ 1400-lSOOoC 
before C and 0 contaminants began to be removed fran the surface, 
although the S peak height remained tmchanged. As the carbon and 
oxygen atoms were removed fran the surface, the intensity of the 
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molybdenum Auger peaks increased tmtil eventually tIle strong 
molybdenum peaks ,,,ere about the same intensity as the sulphur 19) eV 
peak. Eventually the C peak could not be reduced any further although 
the oxygen signal was reduced to belOl" the detection limit of the 
instnunent. It is possible that S and C atoms were segregating to the 
surface from the bulk in the hot target, certainly 5 segregation has 
been reported by Ktmimori et a1 (1974) 165 in his study on molybdenum 
ribbon although the carbon may be present due to an interaction ,.,ith 
the ambient gases in the vacuum chamber (mainly ill2J ill). 
It had been indicated in the 1iteraturelSS that flashing the 
target to a temperature Nl8000 C removes S contamination from a 
molybdenum surface. With the target heated by the maxiJll.D1l available 
power of about 120 watts, this temperature could be achieved and a 
reduction of the 5 Auger peak was ohserved. Flashing \Vas continued 
tmtil the 5,lSO eV peak was at a min:i.rntmt. 
A typical Auger spectrum taken within 30 minutes of flashing the 
molybdenum target to about l8000 C is shown in Fig. 7-1 and the lm., 
energy Auger peaks are shm4/1l in Fig. 7-2. Some carbon contamination 
is still present as indicated by the peak at ... 270 eV and possibly sane 
S cmtamination. The level of sulphur contamination is difficult to 
estimate becasue the S peak coincides with a IOO1ybdemun Auger peak at 
149 eVe The spectra of Fig. 7-1 was recorded after flashing the 
target tmti1 the 150 eV peak was a minimun relative to the 161 eVe A 
small oxygen peak (smaller than the C peak in Fig. 7-1) was also 
detected, probably due to the dissociation of m or m2 on to the }b 
surface by the primary electron beam. 
The peak energies as measured by the negative excursion in the 
derlvitive spectrum are smunarised in Table 7-1 together 1vith the values 
obtained by other authors. The overall spectra is in broad agreement 
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TABLE 7-1 
ENERGIES OF AUGER PPAKS OF r.tl (eV) 
Present 140 Haas et a1 Kunirncri et Ignatiev et 
Work P.E.I. (1970)143 al (1974) 167 a1(1975) 204 
20 21 
29 28 28 31 
40 42 
49 
00 96 98 
107 
119.5 120,125 125 124.2 123, 127 
139 139 142.6 141 
149 148 153 152.2,155 151 
161 161 166 163.5 163 
181.5 186 192 187 188 
222 221 226 222.4 223 
322 
358 354 
314 
388 
with the JX.lblished work but there are a number of features which do not 
appear to have been previrusly reported. The results reported here 
+ 
are an average of a number of measurements and an accuracy of - 1 eV is 
estimated for the values summarised in Table 7-1. 
Published spectra of molybdenum indicate that the ratio of the 
161 eV peak height to the 149 eV peak height is 2 : 1. In our spectra 
this ratio is approximately equal so that there is probably some S 
contamination as ~1l as C contamination present on the surface. The 
additional features observed in the spectra are not thrught to be due 
to the presence of these impurities and P.E.I. 's spectra does show 
structure similar to ours in the region of their 354 eV peak, to which 
they have not assigned energy values. 
The observed peaks are assigned transitions using the tables of 
C1ausing and Coghlan36 on the basis of the strongest transition fron 
multiplicity values close to the observed energy. The assignments are 
sUlIlllarised in Table 7.2. Several transitions had to be assigned to some 
features partiQllarly the 149, 161 eV peaks as there are several 
transition close to these energies having a high multiplicity. 
Althrugh the M4 and MS levels differ in energy by 3 eV, no 
spli tting of the ~,f4/ S VV, (222 eV) peak could be observed even when a 
low modulation voltage of 1 v pk-pk was used to record the spectra. The 
valence band ,ddth of mo1ybdentDn is ~ 4 eV from photo emission 
measurements16S , but the observed width of the 222 eV Auger peak is == 2eV 
suggesting no strcng influence of the valence band on the peak shape. 
The M4 VV contribution to the int61sityof the 222 eV is weak probably due 
to Coster Kronig transitions of the type H4HSV. The ~~ W transition 
at 388 eV is also thrught to be weak due to relaxation of these holes by 
Coster Kronig processes such as ~1i/f4V, ~131SV. The effect of these 
Coster-Kronig transitions would be to enhance the vacancy distribution 
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TABLE 7-2 
AUGER PEAK ASSI~1ENrS IDR Mo 
Transition Calculated Energy 36 ',fill tipl ici ty Energy 
MlMs ~.'~ ) 25 33 
20 ) 
N1N2/ 3V ) 23 33 
29 ~2/3 V V 31 100 
40 Hlt,~ }123 40 11 
49 NI VV sR 33 
90 ~11}~ V 94 22 
107 }/!i'f4 N23 112.5 44 
119.5 H3~.f5 N23 ) 116 66 ) 
HsNl N23 ) 125 33 
~ 1£15 N23 ) 133 33 139 ) 
~f3H4 V ) 147.5 44 
149 H3H5 V 151 66 
161 },~N23 N23 153 100 
H4N2/f23 156 66 
~.fSNl V 160 33 
187.5 ~1sN23 V ) 188 100 ) 
'14N23 V ) 191 66 
222 ~fsV V ) 223 100 ) 
H4V V ) 226 66 
322 ~'3~2/'!/3 319 66 
358 M3NZ/3V 354 66 
374 r1:~2/3N/3 371 33 
388 M3V V 389 66 
in the !is subshell so that the 222 eV peak is dominated by the 
transition '1s,,,r. The other effect of Coster-Kronig transitions is 
that peaks like ~\V'l expected at about 501 eV and MzW expected at 
about 406 eV are not observed. 
The assignments are in agreement with those made by Haas et al 
(1970) for their peaks although we differ slightly in recorded energy 
as shown in Table 7-1. The energy difference between the 388 eV and 
222 eV peaks agrees with the energy difference between the 11,15 and ~f3 
subshells and the sarrc is true of the 222 eV peak and the 29 eV peak 
~S' N2/ 3 subshe11s) so that the assignments for these energies, at 
least, are probably correct. 
7.3 The Effect of Contaminants on the 
Auger Spectra of ~10 
The spectra shown in Fig. 7-1 and 7-2 were recorded fran a 
surface with the minimum of contamination possible using the available 
cleaning techniques. The effect of selected surface contaminants: 
carbon, sulpmr and oxygen on the Auger spectra is now examined. 
7.3.1 Carbon Contamination 
Carbon contamination was induced onto an initially clean !10 
surface by bombarding the surface with a 25pA electron beam for a few 
hours. The electron beam cracks the molecules of gases such as rn, 
aJ
2 
present in the vacuum chamber on to the target, the C atOOlS remain 
m the surface whereas the oxygen is believed to be desorbed. The 
Auger spectra of a C contaminated ItJ surface is shown in Fig. 7-3, a 
small peak due to oxygen can also be detected. 
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The shape of the C peak in Fig. 7-3 at '" 270 eV differs 
considerably fran its shape in Chapter 4, lmere the C was thought to 
be present in a graphitic fonn. The difference in the shapes is 
thought to be a chemical effect due to the C atoms canhining \~ith the 
molybdenum atoms to fonn a molybdenwn carbide ~fo2C. Changes in the 
carbon KIL Auger peak shape with chemical composition have been reported 
recently by Ducros et al (1976t6~d the Auger spectra of No2C has been 
published previously by Haas, Grant and Dooley (1972)163. Their shape, 
obtained by the absorption of m on molybdenum, is very similar to om-s 
and the energies of the features in their spectra are compared with ours 
in Table 7-3, together with the possible assignments. 
Whereas the caroon Auger peak has changed drastically in shape 
the roolybdemun peaks appear unaffected. Additionally it is to be noted 
how the appearance of the C Auger peak in Fig. 7-3 is different from the 
shape recorded from the stainless steel surface in Chapter S. These 
changes in shape can only be due to the chemical oond forna tion which 
will cause a re-arrangement of the outer electrms. 
TABLE 7-3 
Carbon Auger Peak Peatures from Molybdenum Carbide 
Presen t Work (eV) Haas et al ~19722l63 
274 275 KL2L2, KL2L3, KL3L3 
269 272 KLl L2, KLlL3 
260 262 KLlL2 
252 254 KLlLl 
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7.3.2 Sulphur Contamination 
The molybdenum surface ,.,ras contaminated with sulphur impurity by 
heating the target with electron banbardment to a temperature == lruoC. 
The peak-peak height of the S Auger Signal at 150 eV slowly increased 
due to the build up of contamination. The changes produced in the 
Auger spectra of the specimen are shown in Fig. 7-4. No carbon or 
oxygen contamination could be detected. Comparing with Fig. 7-1 it 
is clear that the most significant effect of the increase of S 
cmtam:ination is on the 119.5 eV peak. This peak is considerably 
reduced in :intensity relative to the Ho peaks at 187.5 and 222 eV and 
in Fig. 7-4 two peaks can be identified at 119 eV and 126 eV as labelled. 
The 187.5 and the 227 eV peaks appear to ranain unchanged :in shape on S 
contam:ination. 
Evidence is presented by Ktmimori et al (1974)167 which :indicates 
that the S has fonned a compound HoS2 on the surface. The transference 
of electronic charges involved in the fomation of the chemical bond has 
probably resulted :in a change of transition probability for the transit-
ions cmtributing to the 119.5 eV peak. P.E. I. and 19natiev et a1204 
resolved two peaks at about the energy in the Auger spectra from clean 
molybdenum (Table 7-1), whereas we only resolve two peaks after S 
contamination • 
The small feature on the high €l1.ergy side of the S peak, in Fig. 
7-4, is probably due to the Ho, 149 eV transition. The low energy 
Auger spectrum (0 - 100 eV) was also investigated ldth the large S 
contam:ination of Fig. 7-4, and although some changes appear to have been 
produced, they could not be conclusively identified. ~1easrements were 
made of the energies of the Auger peaks of Ho with the S contamination 
such that the height of the sulphur l~ eV peak was equal to the height 
of the M:>, 222 eV peak, but no chemical shift of the peak position.c; 
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could be detected. 
7.3.3 Oxygen Contamination 
A clean molybcienun surface was exposed to oxygen gas at lmv 
pressure and the 02 Auger signal at 510 eV monitored with tintl. It 
was fomd to increase very slowly mtil its height was 0.4 of the 222 
eVpeak height (see adsorption studies in Section 7.5). No changes 
wer~ detected either in the shape of the Mo Auger spectra in the energy 
range 110 - 230 eV or in the positions of the Auger peaks. Since these 
results were recordErl a paper has been published by Hooker et al (1975t68 
on the chemical s1].ifts of the ~'f4/5 NN Auger peaks with oxygen adsorption. 
They detected peak shifts = 0.5 eV or less as ,veIl as some changes in 
the shape of the '14/ 5 W peak, as we used much higher modulation 
amplitudes than these authors such changes would not have been detected 
in rur spectra. 
7.4 Electron Beam Effects 
The impact of the primary electrons on a surface can induce 
effects which may be mdesirable. The changes produced on the 
initially clean molybdenum surface by electron impact were monitored 
by recording the Auger spectra with the time of exposure to the electron 
beam. The results were recorded in a vaannn of 1 x 10-
8 Torr and as 
mentioned previously the main gases inside the chamber were CO and m2 
so that an increase in contamination due to e was expected. The 
change in the level of carbon contamination of the surface was monitored 
by the ratio of the e, KLL peak height to the Mo, "1t1Js W peak height. 
This ratio is plotted as ftmction of beam exposure in Fig. 7-5. Two 
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sets of results were recorded starting fran the same set of initial 
conditions,in one set the electron beam was left switched ON all the 
time C A in Fig. 7-5) and in a second set CB in Fig. 7-5) the beam was 
only switched on to record the surface species all other conditions 
being kept constant. Then results B measure the increase in C 
contamination due to the interaction of the ambient gases with the 
molybdenum surface, whereas re sui ts A contain an electron beam induced 
contribution. 
For the set of results B, the electron beam is switched on for 
about 5 minutes every hour to record the Auger spectra. It would 
appear from the results that same dissociation of the ambient gases is 
oCOlring at the Ho surface even without the :impact of the electron beam, 
rut the electron beam does enhance this effect. 
In view of these effects Auger spectra fran molybdemun surfaces 
need to be recorded in UIN pressures and ,nth the min:imum time elapsing 
between flashing the target and recording the Auger spectra. 
The influence of electron bombarcbnen t on adsorbed oxygen was then 
investigated. Initial Auger spectra of the molybdenum surface revealed 
small S contamination such that the ratio of the S (150 eV) peak height 
to the :10 (222 eV) peak height was et 1. No carbon contamination was 
present on the surface. Research grade oxygen gas was admitted into the 
chamber via the leak valve and the pressure allowed to rise to 8 x 10-8 
torr. The surface was exposed to this pressure for several hours. Then 
after J1UI1Ping to mN, Auger spectra were recorded as a ftmction of the 
exposure to the electron beam. The change :in the oxygen concentration 
of the surface was monitored by the ratio of the oxygen KLL peak height to 
the molybdentun 222 eV peak height and thi'5 ratio is plotted in Fig. 7-6 as 
a function of the time of exposure to the electron beam. Clearly oxygen 
is being desorbed fran the surface by the action of the electron beam. 
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7.5 Adsorption of Oxygen on to Polycrystalline }blybdenun 
7.5.1 Introduction 
There have been a mUffler of studies 170,171 carried out on the 
adsorption of oxygen (02) on to single crystal mo1ybdemun 5Urfaces using 
IEED and AES. The present experiment has been perfonned on a 
polycrystalline strrface at room temperature using AES to obtain 
infonnation about the initial sticking coefficient of oxygen on 
molybdenun and the effect of sulphur impurity on the initial sticking 
coefficient. 
7.5.2 Experimental 
The experiment perfonned was to monitor the Mo, 222 cV peak and 
the 0, 510 eV peak as a ftDlction of the exposure to oxygen gas. These 
two peaks were chosen because the 510 eV is the strongest oxygen peak and 
the M>, 222 eV peak is sufficiently separated from the other molybdenum 
Auger peaks to be tmaffected. Additionally the energies of these peaks 
are such that they are thought to be on the flat portion of the channel 
1 ' l' . 1 t ph140 h " electron JID.l t1P l.er gam v e ec ron energy gra , so t at quant1tat1ve 
comparisons are possible. The peaks were recorded \nth different 
modulation amplitudes compatible with the energy window of tile analyser, 
as outlined in Chapter 4. The 222 eV peak was recorded \nth a 
modulation amplitude of 2 v pk-pk and the 510 eV peak was recorded with 
4 v pk-pk modulation. 
Oxygen gas can be admitted into the chamber at a controlled rate 
by the leak valve MD6. The partial pressure of the oxygen was 
detennined by using the quadrupole mass spectrometer to calibrate the 
leakage current on a FJD8 icm punp (nominal punping speed 8 litres sec -1). 
This ptmp was attached to the chamber at the time of the experiment due 
to its lower punping speed. The ion gauge was not used to monitor the 
106 
pressure because it reacted wi th the oxygen to produce m and CO2 so 
that during the measurements it was slritched off. From the calibrated 
ion punp leakage current the total pressure in the chamber could be 
estimated and the peak heights of the individual gases recorded by the 
quadrupole mass analyser indicated that approximately 80% of the total 
pressure inside the chamber was due to oxygen gas. 
During an experirrent the diffusion pump valve to the chamher was 
partially closed and the oxygen gas leak rate periodically adjusted to 
maintain a steady pressure inside the chamber. Typically oxygen partial 
-7 -8 pressures of If') - 10 torr were used in the adsorption experiments. 
The Auger peaks of interest, Ho, 222 eV and °2, 510 eV were then 
recorded fran the ~b surface as a ftmction of time, all other conditicns 
(Bp, lp, sweep rate, time constant, etc.) were maintained constant 
during an experiment and the build up of oxygen concentration tmder 
the impact of the electron beam rooni tored. 
7.5.3 Results 
The adsorption experiments performed on an initially clean 
molybdem.un surface was repeated once but only one adsorption experiment 
was perfonned on a sulphur contaminated !>b surface. The change in the 
ratio of the oxygen (510 eV) peak height to the molybdem.un (222 eV) peak 
height with exposure is plotted in Fig. 7-7. The exposure in 
LangIIllirs was estimated £ran the oxygen partial pressure and the time 
for which the surface was exposed, as 1 Langnruir = 10-6 torr-sec. The 
results en the contaminated surface were obtained with the S (150 eV) I 
Mo (222 eV), peak height ratio equal to 1.3 and in this experiment the 
target was exposed to an oxygen partial pressure of 1 x 10-8 torr. The 
results on the clean surface were obtained by exposing the target to an 
-7 
oxygen partial pressure of 1 x 10 Torr. The general trend of the 
adsorption results was indicated by preliminary experiments at the 
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surface and subsequent1y'\ye proceeded to record the data plotted in 
Fig. 7-7 mder strri=t1y controlled experimental conditions. 
The results of Fig. 7-7 show that there is a considerable 
difference between adsorption on a clean r·t) surface and adsorption on 
a sulphur contaminated Mo surface. During adsorption on the 
contaminated surface, the S peak remained l.mcharged in shape and the 
ratio of its heig."'tt to the M::> 222 eV peak height also remained at 1.3 
(the initial value) suggesting thatSWlsmtremoved from the surface by 
the adsorbing molecules. 
7.5.4 The Initial Sticking Coefficient 
Using the adsorption results of Fig. 7-7, the initial sticking 
coefficient of oxygen on molybdenum was estimated by developing a 
si~le model relating the ratio of the Auger peak heights to the 
sticking coefficient. 
Theory 
Bishop and Riviere (1969)172 derive the formula for the Auger 
current lA from a monolayer as 
lA = Ip N 4t(1-w) r Cosec 41 • (E,EA) Eq. 7-1. 
Where N = Number of atoms per sq.cms, 
w = Fluorescence ~e1d:: 0 for low energy transitions, 
(E,EA) = Cross-sectim for ionization of an electron in 
energy level EA by electrons of energy E, 
r = Backscattering factor, 
~ = Angle of Incidence of the primary beam, 
n = Solid angle of collection of the analyser. 
By making the assunpticns (i) the Auger current originates 
predaninantly fran the first monolayer, and (ii) the Auger current is 
proportional to the peak-peak height of the signal in the first 
derivitive spectrun. Then the observed heights can be related to the 
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Auger currents. These assumptions have been made hy a number of 
authors, ego ~~yer and Vrakking (1974) 77. 
We have also shown in Chapter 4 for a a't\. that when a peak is 
recorded with a modulaticn amplitude equal to the energy windOW' of the 
analyser then the peak height is proportional to the energy. So that 
if 
1\1 is the height of the mo1ybdeIUlJl1 Auger peak at energy l1f' 
and Ho is the height of the oxygen Auger peak at Energy Eo' 
Then in Eq. 7-1 
~1 a Ip NH r Cosec rJ ~ ~ (Ep, E'~1) x 11-1 Eq. 7-2 
and 
H a Ip N r Cosec rJ .,..lL .(Ep,B'o) x Eo 
o 0 't 'IT 
Eq. 7-3 
Wlere E' M! E' 0 are the binding energies of the initial vacancies. 
As we are concerned with the first monolayer, the backscattering 
contribution r will be approximately equal. 
Gryzinski (1959, 1965)173,174 has shown that the ionization cross-
section has the general fom 
t (E, EA) = ~ feu) where feu) :=I constant 
-2 
EA 
for u > 5 Eq. 7-4 
U is the reduced energy = E l!A 
We are concerned with the Mo, M4/ 5 W transition at 222 eV o;f 
for which Er'i = 227 eV, and the oxygen KLL peak at 510 eV (Eo) for which 
Eb =- 532 eVe As a primary electron excitation energy of 2.7 KeV was 
used to record spectra in Fig. 7-7 then the condition U)5 is satisfied 
in Eq. 7-4, so that 
'1. 
• (Bp, El,) = [EM] = 1 
• (Ep, EM) E~ ~5, 
and from equations 7-2 and 7-3 
Ho = No 
2·3rnM 
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Eq. 7-5 
If the initial sticking coefficient of oxygen on to the surface 
is So, then after an exposure of E Langmui rs 
No = So E x mmber of oxygen molecules striking the 
surface per unit area per sec at a pressure 
of 1 x 10-6 Torr. 
From the kinetic theory of gases, the number of molecules v 
incident per unit area per sec, at room ternrerature is given hy 
_1 
v = PC 2'1tlTlkT) :2 
The symbols having their usual meaning. Then, 
18 No = SoE. 3.57 x 10 • 
In Efl. 7-5 
Ho So 1.55 x 1018 
T!,1 = Nn E Eq. 7-6 
Thus fran the initial gradient of the curves plotted in Fig. 7-7 
the initial sticking coefficient can be obtained. Using a value of 
19 -2 / ~f = 1.62 x 10 m a value of So It, 1 100 is dech.tced for the clean 
surface and a value of So '" 1 for the sulphur contaminated surface. A 
value of So = 1/3 has been ohtained for'tleadsorption of oxygen on 
clean (111) J~ surface by Lambert et al (1971) 175 1'lhereas Hi ura et all?l 
obtains an initial value of So = 1/100 on a (110) surface. Other 
studies carried out in pre- AES days indicated So values of unity on 
single crystal and polycrystalline surfaces176 ,177. 
Although the method of obtaining the sticking coefficient is 
restricted by a number of assumptions, the results do indicate that the 
presence of sulphur contaminant increases the adsorption of oxygen by 
a factor of about 100 and this is perhaps the important deduction fran 
the data of Fig. 7-7. Additima1ly it should be remembered that the 
adsorption of oxygen was carried out under electron beam bombardment, 
which will also have an influence on the adsorption properties of the 
surface. 
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7.6 Bnergy Loss Spectroscopy of ~,folybdemDI 
7.6.1 Introduction 
As a part of the program of investigating the clean molybdenum 
surface, the characteristic ener~/ losses were also obtained. There 
b 1 · t di f tJ ch .. 1 178,179 have een severa prevIous sues 0 le aracterlstlc osses ' 
180, but none, as far as ''le could discover in a UHV atmosphere on an 
AES characterised surface. Kal'lai et al (1974) 181 has studied the losses 
from an AES, characterised surface, but the pressure used, 10-7 Torr, 
and the contaminants detected on his surface introduce doubts about their 
results. Also there is still some confusion as to the position of the 
losses and the physical processes from which they originate so that a 
loss study of molybdemun l\Uuld be wortlnvhile. 
7.6.2 Experimental 
The measurements were made at different primary electron energies 
on an AES characterised clean surface in a UHV environment. The method 
of obtaining the molybdenum loss spectra was the same as used to obtain 
the gold results, but in this case spectra lvere recorded in the ~ mode 
of operation as ''/ell as the ~ mode of operation of the analyser. No 
contamination problems were encotUltered, the Auger spectra taken before 
and after recording the 10sStSwere similar to that shOlm in Fig. 7-1, but 
wi thout a detectable carbon peak. These results were recorded when the 
target had been in the Vaall.D1l. chamber a number of weeks and the pressure 
attained normally improved with pumping so that the electron beam effects 
became insignificant over the time scale of recording the loss spectra. 
7.6.3 Results and Discussion 
The loss spectra recorded with 300 eV primary electron energy and 
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TABLE 7-4 
CHARACI'ERISTIC LOSSES OF !vb AT DIFFERENT PRD1ARY ENERGIES 
Primary Energy (eV) Ana1rser QEeration 
mOde 
-
300 d
2N 6.3 9.8 16.0 22.2 32.8 
dE2 
srn 10.3 15.0 23.4 33.4 44.1 
500 " 9.5 15.6 22.5 32.4 
300 9.7 15.7 22.7 32.7 38.1 
750 " 9.9 22.9 45.0 51.9 67 
500 6.6 10.4 15.3 21.9 32.7 37.3 43.4 
500 " 10.1 16.1 22.5 34.0 
300 6.5 10.0 15.2 22.3 
500 10.9 16.3 23.4 33.0 
300 10.0 15.2 22.0 
srn dN 44.7 53.1 68.4 77.6 aIr 
46 53.7 68.1 79 
~'~an Value 6.5 10.0 15.6 22.6 33.0 37.7 45.0 52.6 67.8 78 
!o.2 + -0.2 !O.2 !o.3 !0.5 
500 eV primary electron energy are shown in Figures 7-8 and 7-9. Higher 
excitation energies were used but as the instrumental resolution 
deteriorates ,dth energy so features close to the elastic peak l'fere not 
detected. The loss features in 7-8 and 7-9 are labelled and the values 
are the mean of several measurements at each energy. The losses 
detected at each energy are stmrnarised in Table 7-4 and the values 
obtained are canpared with published values from the literature in 
Table 7-5. The error ban quoted in Table 7-4 have a confidence level 
of 66\. 
Considerably more losses than previously reported were detected, 
due to the better instrumental sensitivity. The overall appearance of 
the loss spectra in Figs. 7-8 and 7-9, indicates that the strongest loss 
features are at 10 .. OeVand 22.6 eVe The higher energy losses (>50 eV) 
were only detected in the more sensitive first derivitive mode of 
operation of the analyser. 
The losses are explained by comparison with the optical properties 
measured by Juenker et al (1968) and Weaver et a1 (1974) 183 J ,mo used 
syncrotran radiation. The optical properties of these authors are in 
good agreerent and considered to be reliable, Juenl er had obtained 
values from molybdenum targets flashed to 2()(X)°K in a tn-N atmosphere, 
and a1thrugh Weaver removed the top layers before experimentation he does 
concede that there may be a thin oxide film covering his samples. The 
dielectric functions of molybdenum and the volume and surface loss 
ftmctions as deduced by Weaver et a1 are shown in Fig. 7-10. 
The 6.5 eV loss has not been previously reported in energy loss 
studies of roo1ybdenun and it is tentatively assigned as being due to an 
interband transition (rB). There is sane structure in the dielectric 
ftmctions El and £2 of Fig. 7-10 at about this energy and the band 
structure calculation of Petroff and Viswanathan (1971)184 predict a 
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TABLE 7-5 
mHPARISON OF THE ~fo LOSSES AND TI-IEIR ASSIGm'ffim' 
Present Zash kvara Kawai HarrOlver 
Work (eV) (1973) 178 (1974) 181 (1956) 180 Assigrunent 
1) 6.5 1B 
2) 10.0 10 10 11.6 VL1 
3) 15.6 SL 
4) 22.6 20.2-23.5 23 24.7 VL2 
5) 33.0 VL1 + VL2 
6) 37.7 't-T F . ';2/3-+ emu. 
7) 45.0 2VL1 + VL2~ 
8) 53 53.2 2VL2 3''11 + VL2 
9) 68 3VL2 
10) 78. 76.9 VL1 + 3VL2 
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high density of empty states just above the Penni level, so that this 
loss can be explained as the excitation of electrons from the valence 
band to these empty states, Fig. 7-11. 
The 10.0 eV loss has been regarded as a shifted surface plasmon 
by Kawai et al (1974)181 and by Lecante (1971)185, who measures its 
energy to be 11.6 eVe Kawai obtained his results on a contaminated 
surface in poor vacuum while Lecante heated his samples to a tempera-
ture of l300oC, '''hich is likely to introduce surface contaminants due 
to segregation of bulk impurities additionally he did not characterise 
his surface with an element sensitive teclmique. Our results suggest 
that the 10,.0 eV loss is a volune loss because it did not change in 
posi tion when sulphur was segregated to the surface or when oxygen gas 
was adsorbed on to the Ho surface. The extent of sulphur segregation 
is shCMIl in Fig. 7-4 and the oxygen adsorption was 'V 600 Langnruirs, 
(see Fig. 7-7). Also its intensity relative to the known volune loss 
at 22.6 eV remains unchanged when the primary exciting electron energy 
is reduced fram SOD to 300 eV, the lower energy is expected to be more 
surface sensitive. The optical measurements of Jaenker et al and 
Weaver et al show that £1 = 0, £2 is decreasing and the volume loss 
function Im(.J:) has a maxhm.m at about 10 eV, Fig. 7-10, indicating 
£ 
that there is a volume plasmon oscillation in molybdenum at this energy. 
Thus the 10.0 eV loss in Table 7-5 is identified as a volwne plasmon 
loss (\'Ll). AI though the surface loss function in Fig. 7-10 also has 
a maxinun at about 10 eV, its contribution to the intensity of the 10.OeV 
loss is thought to be small because no effects could be detected when 
the surface was contaminated by oxygen or sulphur. 
The 22.6 eV loss is identified as a volume plasmon oscillation 
(VL2) being in good agreement with the plasmon energy of 21.9 eV 
calculated by regarding the 4d5 5S1 valence electrons of rnolybdenun as 
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fonning a free electron like gas. Also from the optical measurements 
of Fig. 7-10, £1 = 0, £2 is decreasing and there is a broad maxima in 
the voltune loss ftmction Im (.1.) at about this energy. Thus in 
£ 
1OO1ybdenum two volume plasmons VLl and VL2 are identified. Two plasma 
resonances have also been identified in graphit'lc carbon by Taft and 
Phil1ip (1965) 186, one at 25 eV was identified ldth the p1asoon in the 
gas fonned by the 4 outer electrons from each atOOl and the other at 
7 eV was identified Ni th a p1ac;mon resonance of the electrons forming 
the bond between the carbon layers. Similarly it is thought that in 
molybdenum the 22.6 eV loss is due to the oscillations of 4d5 5S 1 
electrons from each atom in the solid and the 10.0 eV loss is tentatively 
associated \vith a plasmon resonance of the 5S t electrons. These SS 
electrons are of a different character from the 4d5 electrons, because 
it is the 5S1 electrons which are the ones actively involved in any 
chemical bond formation. The plasmon energy calculated on the basis of 
1 electron per atom contributing to the electron gas is 8.9 eV in reason-
able agreement lrl th the observed value of 10.0 eVe Thus the 10.0 eV 
loss is tentatively identified lvith the p1asnon of the SS' electrons of 
molybdenum. 
The 15.6 eV loss has not been previously reported in the literature 
and it is identified as a surface plasmon loss (SL) because its energy 
is approximately -i tires the volume plasYOOIl energy of 22.6 (Chapter 3). 
The surface loss ftmction Im (1-! e:) also has a small maxima in the 
region of 15 eV, in Fig. 7-10. The detection of the 15.6 loss 
cmsiderably aids the identification of the observed losses of Ho and 
refutes the suggesticn made by Kawai et al and by Lecante that the 
10.0 eY loss is a shifted surface plasmon. The observed intensity of 
the loss is small in comparison with the bulk losses at 10.0 eY and 
22.6 eV'in Figs. 7-8 and 7-9. ~,blybdenn is expected to have properties 
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similar to tungsten and it is interesting to note that the surface 
plasmon loss in tungsten is also very nruch weaker than the volume loss 
and it was only with great difficulty that the 16 eV surface plasmon 
loss of W, corresponding to its 22 eV bulk loss, was detected187• 
The 37.7 eV loss is very weak and is tentatively identified with 
the excitation of N2/ 3 electrons to empty states just above the Fermi 
level, Fig. 7-11. ~o peak could be identified l.nth the excitation of 
NIl electrons to these states. The remaining observed losses are 
identified as a canbinationcfth:rvo1ume losses VLl and VL2' i.e. the 
pr~ary electron has suffered nrultiple inelastic collisions ~fore 
emerging from the solid. The assignments are summarised in Table 7-5. 
7.7 Summary 
In this chapter the surface of a polished molybdenum sneciJTlen was 
stu:lied. The main results obtained were: 
(i) An Auger electron spectra characteristic of molybdentlll l~S 
obtained and transitions assigned to the observed peaks. Contamination 
of the surface by sulphur, carbon or oxygen produced no detectible 
shift of the \10 Auger peaks although the C KLL peak was significantly 
influenced. Electron beam induced effects were also observed. 
(ii) Adsorption of p.1re oxygen onto a clean and sulphur contaminated 
~ surface (at room temperature) was carried out and a simple model 
developed which indicated that the initial sticking coefficient of 
oxygen ~ about a hundred times greater on the contaminated surface. 
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Ciii) The characteristic energy losses from clean Ho ,,,,ere obtained and 
two previrus1y tmreported peaks detected at 6.5 eV and 15.6 eVe The 
losses were explained on the basis of hvo voltune plasmons existing 
within the mo1ybdemun, a surface plasmon oscillation and interband 
transitions. ',fultiple excitation losses were also identified. 
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CHAPTER 8 
AUGER ELEcrRON AND ENERGY LOSS SPECI'ROSmpy OF ANTHDNY , 
NrrrrDNY OXIDE AND A~if)NY SULPHIDE 
8.1 Antimony 
8.1.1 Introduction 
Antimony is a group 5 semi-metal having an outer electron 
configuration of 5S2 sp3. The group 5 semi metals arsenic, antimony 
and bisnuth have resistivities higher than the transitim metals, ego 
the resistivity of anitmony is 39~n ems in comparison with molybdenums 
5.2~O ems. Although antimony is an important element in the electronic 
industry, being used in semi conducting materials such as InSb, AlSb and 
GaSh, its surface has not been thoroughly investigated. Ellis (1974)192 
has studied the arsenic surface, obtainmg its Auger spectra and the 
characteristic energy losses, but as far as we can discover the Auger 
spectra of antimony has not been well investigated. TIle Sb spectra has 
been pub1isised m the P.E.I. handbook and in our own laboratory Wright 
(1974)53 and 11arris (1972)52 have recorded the Auger spectra of ant~ony 
but only in the energy range 300 - 500 eV and some oxygen contamination 
was present on their thin film surfaces. In this chapter a more 
complete investigation of the Auger spectra is reported from a poly-
crystalline and a single crystal (100) surface. 
The characteristic energy losses have been previously studied by 
Powe11 (1960)188 and by Wright and Harris. The values reported here 
are from a clean single crystal surface uncontaminated by carbon, o~ygen 
or sulphur, as detected by AES. 
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8.1.2 Experimental 
Experirents lvere carried out on two antimony targets. One lvas 
a polycrystalline spec:i:Jl1en of 2 ems diameter and 2rrnn. thick cut from a 
rod of 99.99't purity supplied by Metals Research Ltd. 189 One face of 
the disc wac; carefully ground on wet ISll abrasive paper and then polished 
with grade A diamond paste. After ultrasonically cleaning in acetone 
and distilled water the specimen was etched in a recommended solution of 
30\ hydrochloric acid in water with S" hydrogen peroxide for 5 rninutesl 9? 
The grain structure on the surface was thus revealed and the target again 
ultrasonically cleaned in distilled water before insertion into the 
chamber ''fhich was then evacuated to UB'! pressures. 
The other target was a single crystal disc of about 1 ems. 
diameter, 2 MJIl. thick and 99.99% purity. Antimony crystallises into a 
rhombohedral (trigonal) cell which can be described as pseudo-cubic with 
a = 6.220A, a = 870 24'. The (100) face of this pseudo cubic structure 
aCOlrate to : 20 was obtained from Metals Research Ltd. The crystal 
face was gently polished with grade A diamond paste and then etched, in 
the solution described above for the polycrystalline sample, for 10 
minutes fOllowed by cleaning in distilled water before insertion into the 
vactn.m1 cha.nber. 
For both specimens the chamber was evacuated to a base pressure of 
5 x 10-10 Torr, by the usual method. Auger spectra \\ere recorded in the 
dN /dE mode with a glancing incident electron beam, and the loss spectra 
~re recorded in the ~ and ~~ mode on an AES characterised surface. 
Problems were encountered on locating the electron beam solely on to the 
crystal sample, because of its small size, but these were eventually 
overcome by careful adjustments of the target manipulator. 
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8.1. 3 Resul ts and Discussion of the Auger Spectra 
The initial Auger spectra of ant:i.JllOny revealed no contmina.tion 
due to sulphur, carbon, oxygen or any other elenent. TIlis is probably 
due to the inert nature of the element and also it is thought that the 
exciting electron beam has a surface cleaning effect. The thermal 
conductivity of antimony is poor so that the bombarding electrons are 
thought to have created a localised hot spot and as antimony sublimes at 
o 
a low temperature, 883 rc, some removal of the surface layers prohably 
occurs fran the area under the electron beam bmhardment. TIms no 
antimony specimen cleaning proceedure was necessary and no electron beam 
induced contamination could be detected even for long exposures (several 
hours) with high currents ('" 70llA). 
There was no detectable difference bebveen the Auger spectra 
recorded £ran the polycrysta1line and single crystal specimens, so that 
the results from the single crystal only are presented here. The overall 
Auger spectrum recorded from the (100) face of antimony is shown in Fig. 
8-1. This is in good agreement with the JXlblished spectra of P. E • I. 
The finer details of this spectra are shown on an expanded scale in Figs. 
8-Za and 8-2b. 
The energies of the observed peaks are stmrnarised in Table 8-1, 
together with the values observed by other authors. For the stronger 
observed features the energies shown in Table 8-1 are the mid points of 
the peak-peak heights in the derivitive spectrum and the values in the 
energy range 330 - srn eVare an average of six recordings of the Auger 
spectra. These six measurements were made on different days and for 
slightly different target positions and each spectra was calibrated 
after it was recorded. + An accuracy of - o. S eV is estimated in the 
energy of a peak, as shown in Table 8-1. The energies of the peaks 
obtained from the polycrystalline target were in ROod agreeJ'llent with the 
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TABLE 8-1 
OBSERVED PEA,T{ ENERGIES (eV) ruR SB (100) 
Present Work 140 B.W.
53 H . 52 P .E. I. C}974) arrlS (1972) 
25 26 
78 
104 
113 
152 
166 
195 
233 
276 
291 
319 
+ 333.5 - 0.5 334 335 332 
+ 341. 7 - 0.5 342 3()7 
378 370 
+ 388.0 - 0.5 388 386 388 
400 
+ 421.4 - 0.5 
+ 438.7 - 0.5 440 438 436 
447;4 ~ 0.5 450.5 
+ 455.1 - 0.5 454 453 452.2 
+ 463.2 - 0.5 462 462 459.5 
+ 482.0 - 0.5 
+ 490.8 - 0.5 492 488 490 
+ 500.1 - 0.5 499 
values of Table R-I. 
Transitions are assigned to the observed Peaks, using the tahles 
of Clausing and Coghlan36 , and these are stm111arised in Table 8-2. The 
energy of the primary electrons was such that only the \l,N and 0 levels 
were ionized. No transition could be identified with the feattrre at 
378 eV, \'Jhose width in Fig. 8-2 suggests that it probably consists of 
several tmresolved peaks. The 438.7 eV and 447.4 eV r>eaks are probably 
due {) the H4/ S' N4/ S N4/ 5 electrons (455.1, 463.2 eV) exciting a plasmon 
as they exit fran the solid. TIle energy difference agrees well with the 
observed volune plasmon energy (:= 16 eV) of antimony and additionally no 
strong Auger transition could be identified liith these (438.7, 447.4 eV) 
peaks. 
Nearly all the observed peaks are assigned Al~er transitions 
between core levels, the numher of valence electrons ( 2 in the 0l and 3 
in the 02/3 suhshell) is small in cOMparison 'iith the numher of electrons 
in the N4/ S level (10), so that transitions involving the N4/ 5 level 
would he expected to be stronger and this is in fact fotmd to be so as 
the strongest observed peaks at 455.1 eV and 463.2 eV ate assigned the 
Ms, N4/ S' N4/ 5 ; M4 , N4/ 5 , N4/ 5 transitions. For this pair of peaks the 
differenCe in energy between the Auger peaks, 8 eV, is in good agreement 
with the difference in binding energy of the HS' M4 electrons, 9 eV as 
30 
given by Bearden and Burr • 
The Auger spectra of antimony is influenced by Coster-Kronig tran-
sitions as the ~13 N4/ 5 N4/ 5 transition at 694 eV, expected to be of the 
same intensity as the H4 N4/ S N4/ S transition on the bas is of the 
ntunber of electrons involved, was not observed. It is thought that 
vacancies created in the ~.~ subshel1 are filled by Coster Kronig 
transitions of type M3 M4 - , ~ HS -, and indeed peaks due to such 
transitions are observed at low energies as seen in Table 8-2. The 
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TABLE 8-2 
AUGER PEAK ASSIG~'1ENrS IDR SB. 
Observed 36 Transition Calculated Hul tip1ici ty Energy (eV) Energy 
25 n ~J '1 '~2/3 4/5' 4/5 27 100 
78 NI N4/ 5N4/ 5 80 33 
104 M '3 ~,f4 N2/3 102 16 
113 ~f 3 ~\ N2/ 3 111.5 24 
152 tf 
'"2 I.~ N2/ 3 157.5 12 
166 H3 M 4 N4/ 5 170.5 26 
195 ~~ J '3 HS N4/ S 180 40 
233 HZ r;~ N4/ S 226 ZO 
276 H4 ~1 NZ/ 3 263 12 
291 ~'~ NI NZ/ 3 272 8 
319 r.1s N2/ 3N2/ 3 319 36 
M4 N2/'S~2/3 328 24 
333.3 HS ~J1 N4/ S 332 20 
341. 7 ~.14 NI N4/ S 341 13 
378 
388.0 MS N2/ 3N4/ 5 387.5 60 
400 ~14 N2/ 3N4/ S 396.S 40 
421.4 ~1S N2/ 3OZ/ 3 421 18 
438.7 {M4 NZ/ 3OZ/ 3 430.5 12 
Plasmon Loss of 
~15 N4/ SN4/ S 
447.4 Plasmon Loss of 
H4 N4/ 5N4/ 5 
455.1 HS N4/ SN4/ S 456.0 100 
463.Z ~-t '4 N4/ SN4/ 5 465.0 66 
482.0 ~,ts N4/ S01 482.0 20 
490.8 HS N4/S0Z/3 490.0 30 
Soo.l }~ N4/502/3 499 20 
vacancy distribution in the ~f4' Hs suhshells is thus enl1anced increasing 
their relative inte~~ity. 
8.1.4 Results and Discussion of the Pnergy loss Spectra 
After characterising the Auger spectra of antimony, its character-
istic energy losses were studied. The Auger spectra recorded hefore 
and after obtaining an energy loss spectra were identiCal indicating 
no change in the surface species. TIle loss spectra ,..ere recorded at 
different primary energies, and Figs. 8-3, 8-4 and 8-5 show the general 
appearance of the spectra recorded with 30) eV, 500 eV and lom eV 
primary electrons. TIle losses observed in the :;i spectra at different 
energies are summarised in Table 8-3 and the mean values obtained. The 
error bars in Table 8-3 have a confidence limit of 66%. TIlese losses 
were also detected in the first deri vi ti ve spectra, as shrn'ID. in Figs. 
8-3 and 8-4 and additional features at 49 eV, 66 eV and 80 eV could also 
be identified. In the lmo eV c1'J/dE loss spectra in Fig. 8-5 only 
multiples of the 15.8 eV loss (identified as the volume plasmon energy) 
could be observed ])ossibly the relative excitation probability of this 
loss has increased. 
The energy of the losses observed from the polycrystalline antimony 
specimen were similar to the values observed from the single crystal 
target and also the general shape of the obsenTed spectra, at the same 
primary energy, from the two targets were in good agreement. Several 
measurements were made on the loss spectra and the average energies of 
the observed losses from the polYCD'stalline Sb target were: 6.9, 11.0, 
15.8, 26.9, 33.6, SO, 66, 80 eVe No importance is attached to the 
small energy differences lvith the values stll'lll\rised in Table 8-3. 
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TABLE 8-3 
SlFf1.\RY OF GIMACrEIUSTIC LOSSES OBSERVED 
AT DIFFERRIT PRD!ARY ENERGIES 
Ana1lser ObselVed Losses (eV) Operation E (eV) 
12 ~·1oae 
750 d~ 11.1 16.1 28.8 34.9 dEZ 
10.5 15.2 26.4 33.0 
11.9 15.7 27.3 34.2 
500 d2N 6.4 10.5 15.7 27.7 33.5 
dE2 6.2 10.8 15.9 27.1 33.7 
5.6 11.0 15.6 24.7 34.2 
5.8 11.3 15.3 24.9 34.5 
300 d~ 7.1 11.6 15.8 26.6 34.4 dEZ 
7.1 12.0 16.5 34.4 
7.9 11.9 16.4 24.7 34.2 
Mean Value 6.6 11.3 15.8 26.7 34.1 
!' 0.3 + + 0.3 + + - 0.3 - - 0.4 - 0.4 
In Table 8-4, t~e energies of tile losses observed from the 
crystal sample are compared 'vi th the values obtainen. hy other authors. 
In general agreement is good, particularly with the values obtained b~ 
Powell (1960) 188. Ilarris and Wright observe some additional features 
l.mich we were tmab1e to identify in our spectra, possibly the presence 
of oxygen on their surfaces contributed these peaks. 
AA explanation of the losses is offered by comparison with the 
optical reasurernents ('J - 16 eV) perforned on Sb thin films, in unv, 
. al (1974) 191. 11 15 8 VI· th h 1 by Iemonler et le • (e oss IS oug t to )e a 
volume plasmon 0~) oscillation of the valence band electrons of Sb. 
On the basis of eaCh Sh atom contributing five electrons (5s2 5p3) to 
tile valence band and these electrons behaving as a free-electron like 
gas for oscillation, a volume plasmon energy of 15.1 eV can be calculated 
in good agreement lvith the ohsenred value. The small discrepancy beuveen 
the observed and Cc1.lculated values may be due to a 10\v lying interband 
transi tion, Ttaether (1965) ~n. Addi tionally evidence comes from the 
optical measurements19l lvhiCh predict a volume plasma at 15.8 eV on the 
bases of El = (), EZ decreas ing and a broad maxima occuring in Im (f)' 
the volume loss function .. at about this energy. 
The 11.3 eV loss is approimatelY~ of the volume plasmon energy 
and also Lemonier has shown that the surface loss ftmction Im(j!t) has a 
ma;ximum in the vicinity of 11 ev so that this loss can be assigned to a 
surface plasmon (SP) oscillation. 
The 6.6 eV loss is thought to be due to the excitation of the 01 
electrons to states near the Fenni level, because the binding energy of 
31 . 191 
these electrons is 6.7 eV, Servier (1972) ,and the optIcal measurements 
-1 
show weak structure in El' E2 and Im C-r) at about 7 eVe The 34.1 eV 
loss is similarly identified as an excitation of the N4/ 5 electrons to 
empty states close to the Fermi level of the solid. Because the binding 
energy of the N4/ 5 electron is estimated to be 32 eV (Servier)31 
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TABLE 8-4 
(lIAP-ACTERISTIC I1W~GY LOSSES OF SE (100) 
188 Harris52 1\1 • 1 53 Present Work Powell . r1§'lt Assignment (1950) (1972) (1 74) 
(eV) 
6.6 6? 7 01 -+ Femi 
level 
11.3 11.3 11.5 11 SP 
15.8 15.9 16 15 VI' 
26.7 26.5 28 28 VI' + SP 
34.1 32.3 34 32 ~ N4i1v~~nni 
2VP 
43 
49 48.3 49 47 3\T 
S2 
59 
66 63 68 ~ N2/ 3 -+ N415 4VP 
80 81 80 SVP 
Fermi Level 
O2/ 3 
O~ 
(10) 
N2/"5 (6) 
-
-
Level No. Of . 
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Fig.a-6. The Outer Electronic Levels Of Antimony 
Showing Possible Characteristic Losses. 
excitation is possibly occuring to states just above the Fenni level. 
These excitations are summarised in Fig. 8-6. A contribution to t~~ 34.1 
eV loss peak is also expected from primary electrons l'lhich have excited 
two volume plasmons before exiting from the solid. 
The remaining losses are identified as rnul tiples of the surface 
and volume plasmons, and their assigruoonts are surmarised in Table 8-4, 
~th the possibility of N2/3~ N4/ S electron excitations contributing to 
the 66 eV peak. 
As can be seen from Fig. 8-5, the losses of Sb contain stronp; 
plasm:>n features. It has been ~marked by Wright (1974) that the 
losses of semi-metallic antiroony are anomalous because they resemble the 
losses of a metal such as aluminium which has a free-electron like 
character. Wright has proposed an explanation for the free electron like 
behaviour of antimony and of other poor conductivity solids SUdl as Si, 
which also has strong plasmon features. The explanation is based on a 
region of high electron density being produced, in poor conductivity 
materials, by the primary beam and then free electron like plasma 
oscillations occuring in this confined plasma. This explanation may be 
cri ticised because it doesnot explain why the plasmon energy calOllated 
by regarding the valence electrons as undergoing free-electron like 
oscillations, agrees so well with the observed plasmon energy for a large 
mmber of solids. Also typical electron beam currents used to observe 
the characteris tic losses are III 100 lA in a 1 rnrn2 spot (this figure is an 
upper limit). On this basis approximately 1017 electrons are incident 
per sec per sq. erns. on to the solid, this mmtber is considerably less 
22 -3 than the densities of 10 electrons ems required for plasmon 
oscillations of 10 - 20 eVenergy, typically ohserved in solids. 
The results indicate that the plasrnons in Sh and other solids such 
as silcon are excited in the valence band electrons. These valence band 
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electron~ appear to be behaving in a free electron like manner for the 
high frequency plasmon oscillations although they may not disn1ay a 
free electron like character for other properties, such as conduction. 
For the 1000 eV primary electrons loss spectra, shown in Fig. 8-5, 
five voltune p1asmn losses can be detected, probably because of the 
instrumental sensitivity and the greater depth of penetration of these 
electrons. 
From the natural width of a plasmon loss peak the life tim of 
an oscillation can be estimated by using the Uhcertainty Principle 
AEbT • n. The loss spectra recorded with HID eV primary electrons in 
Fig. 8-5 was used to estimate the lddth of the first plasmm loss peak 
and fran it was subtracted the width of the elastic peak, lihich l'/aS 
regarded as the instnmental contribution to the plasmon peak ,ddth. 
Prom the natural peak width thus estimated the life tim for an electron 
excited plasmon oscillatim is calculated to be 2 x 10-15 secs. This 
value is to be canpared with the figure 1 x 10-16 secs. obtained by 
I.,emmier from optical measurements. who suggests that such lrn~ 1ifetims 
indicate that the dominant mechanism of plasmon decay is probably 
electron-electron collisions. 
8.1. 5 Adsorption of Oxygen m to the Sb (100) Pace 
An adsorption experiment similar to the one perfonood on the Ho 
surface was attempted. The ctystal face was exposed to 2700 L of pure 
oxygen at controlled rate without the observation an oxygen peak in the 
Auger spectra of the surface. It was thrught that antiJna1y does not 
oxidise easily by this method, and possibly the sticking coefficient of 
oxygen m the crystal surface was very 1CM. Due to the lack of 
detectim of the oxygen signal further experimentatim a1mg this line 
of enquiry was not pursued. 
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8.2.1 Introduction 
It is of considerable current interest in AES to study the 
:influence of chemical comhination on the Auger spectra. So after 
studying pure antimony \Ve proceeded to study the Auger spectra and 
characteristic losses of anthnony oxide, one of the more simnler 
antinDny COJll11Ounds. The Auger spectra of SbZ03 is of practical 
importance hecause progress can then be made to understand the surface 
oxidation of useful semi-conducting materials such as In...Sb, by using 
AES. 
8.2.2 Experimental 
An antimony oxide surface was prepared by slowly subliming the 
material from a 1OO1ybdemun boat, on to a molybdenum substrate at room 
temperature. The antimony oxide was obtained in tablet form from 
Brn193 and grDtmd to a powder before insertion into an previously out 
gassed molybdenum boat. Antimony oxide is a suitable material for 
vapor deposition and it sublimes at a lrni temperature of 400 - rooe. 
The molybdentun substrate surface was prepared ,as described in 
Olapter 7, to a mirror finish and after punping to UHV pressures, the 
substrate l~S flashed to a high temperature to remove any contaminants, 
as detected by AES. The target was then placed opposite the boat 
containing the antimony oxide and the material slowly evaporated keeping 
the pressure within the chamber be10\~ 1 x 10-7 torr. Periodically an 
Auger spectra of the surface was recorded which indicated a decreasing 
intensity of the Mo Auger peaks as the antimony and oxygen Auger peaks 
increased in intensity. Even when the '10 Auger peaks could not be 
detected, evaporation was continued until we were satisfied that there 
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were no suhstrate influences on the observed spectra, hut care Nas taken 
not to eVaTx)rate too thick a film as surface charging effects then 
become ap~arent. 
Initial experiments on the Sb Z03 evaporated surface indicated 
the presence of electron beam artV'acts in the recorded Auger spectra. 
l~ith an electron beam current ~ 51~ tilese becrune si?,11ificant after a 
banbardment tir.K~ ~ 30 ninutes. Hence the Aurrer spectra Vlere recorded 
only in the energy range 3(D - 50) eV in a period of about 15 rUns. and 
from a freshly evaporated film. 0n some occasions the tarfJet was moved ., 
50 that the spectra ""as recorded from a freshly bonbarded part of t~le 
film. Periodicall;? checks ,,,ere carried to detect the presence of 
contaJTlinants carhon and sulphur and also for the substrate Auger peaks, 
but no such y>eaks \"ere observed and the spectra presented are believed 
to be characteristic of Sh{)3· The lower energy l'.reaker Auger neaks * ,-, 1 
~vere not investigated hecause the lonp; scarming times needed ,",ou1d 
introduce electron beam effects. 
TIle characteristic energy losses of ShZ'13 Here also recorded frorn 
a fresh part of tlJ.e surface with 30) eV and SOO eV primary electrons. 
Spectra v"ere recorded in the ~ rode and the ~~ mde of operation, from 
an AES characterised clean surface. 
8.2.3 Results and Discussion of the Auger spectra of Sb203 
A typical Auger spectra from an antimony oxide surface is shown 
in Fig. 8-7. A total of six spectra '''ere recorded from freshly 
bombarded surfaces and the energies of the observed peaks detennined, by 
following the same proceedure as for Sb. The mean energies of the peaks 
observed from SbZ03 in the energy range 3m - 510 eV are stmrnarised in 
Table 8-5. The energy of the same peak from Sb (100) crystal is also 
sUlll1arised in Table 8-5 and the peak shift deduced. The difference is 
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TABlE 8-5 
AUGER PEAK ENERGIES OBSERVED FROH Sb Z03 
Sb203 (eV) Sb (100) (eV) Peak Shift (eV) 
peaks peaks 
+ 324.3 - 0.5 333.5 9.2eV 
+ 333.0 - 0.5 341. 7 8.7 
370 378 8 
380 388 8 
393 400 9.7 
+ 446.9 - 0.5 455.1 8.Z 
+ 455.4 - 0.5 463.2 8.8 
+ ) 473.2 - 0.5 
+ 
) Oxygen 
484.9 - 0.5 ) 
+ 
) + Sb 
494.4 - 0.5 ) ) Peaks 
+ ) 507.6 - 0.5 
TABLE 8-6 
ASSI{NI!ENI' OF OBSERVED PEAKS FRCJ1 Sb203 
Observed Energy of Pn1I1lment Peaks 
324.3 
333.0 
446.9 
455.4 
473.2 
484.9 
494.4 
507.6 
Sb MSN2/3NZ/3' ~1SN1N4/S 
Sb ~.~N2/3N2/3' !!4N1N4/S 
Sb ~1sN4/5N4/S 
Sb H4N4/SN4/S 
o K L1 L1 
o K L1 L2/ 3 
Sb ~'~N4/502/3 
o (K) 0 (L1) Sb (02/3) 
o K L2/ 3L2/ 3 
thought to be due to a chemical shift of the Auger peaks and ~ a 
surface chargin~ effect. This explanation is justified to some extent 
later on in this section. 
The hiRher energy peaks between 470 and 510 eV are due to antiroony 
and oxygen, Auger transitions. It is to be noted that the strong peak 
at 438.7 eV in the antimony spectra of Fig. 8-2 is not observed in the 
Sb
2
0
3 
Auger spectra of Fig. 8-7, confinning the assignment that it W'as 
probably a plasmon loss feature from the main antimony peaks. The 
feature at 447.4 eV in the Sb Auger spectra is also absent for the same 
reason. The praninent peaks in the Auger spectra of Sb20 3 are assigned 
transitions using the tables of Coghlan and Clausing36 in Table 8-6. 
A possible interatamic transitions may be contributing to tile 494.4 eV 
peak. 
As can be seen in Table 8-5 the Auger peaks of Sb are shifted to 
lower energies by about 8 - 9 eV when the element combines with oxygen. 
If we calfine our discussion to the Sb, MS N4/ 5 N4/ 5 peak, lvhich is 
identified at 446.9 eV in the Auger spectrun of Sb203 and use some of 
the ideas discussed in Section 2.9 of Chapter 2, then the observed shift 
in the ~,fs N4/ 5 ~J4/5 peak is given by 
a:'M N N (observed) &I a;,L - 2 ~-'N + ARs, 
''5 4/5 4/5 :, 4/5 
Eq. 8-1. 
Where lf11 and ~ are the shifts in the binding energy of the ~15 and 
. 5 • 4/5 
N 4/5 electrons. 
Now an estimate of AI1.1s is given by the photo electron measure-
ments on antimony compounds due to Birchall et al (1975)194 who found it 
to be 2.2 eV for Sb Z03• No data could be found on the shift of the 
N
4
/
5 
(4d) core level of Sb when it combines with oxygen, but data is 
available on the shift of the 3d 0,14/ 5) core level of arsenic when it 
combines to fom As Z03• The 3d level of As (binding energy 41.8 eV) 
and the 4 d level of Sb (binding energy 32 eV) can be regarded as being 
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in an equivalent configuration as far as chemical comhination is 
concerned. Rahl et al (1976) 206 has reasured a shift of 2.6 eV in 
the 3d level of A.c:. Hhen it foms As Z03 and if the approximation is 
made that there is a similar shift of the 4,1 level of Sb l'lhen it fonns 
Sb203• TIms in E<1uation 8-1, as ~F"'1 1IJ N = 8.2 eV, then the 
J 4/5 2/'5 2/3 
static relaxation energy ~Rs = -5.2 eVe That is to say the static 
relaxation enerp,y has decreased by ~ 5 eV relative to its value in 
pure antimony and as mentioned in Section 2.9 this is predaninantly a 
change in extra-atomic relaxation energ'1 as a consequence of the chemical 
combination Hi th oxygen. The value deduced by Bahl et al for arsenic 
when it fonns AS203 is 6Rs = -3.4 eV, our value is probably a little high 
due to the approximations used. 
The chemical shifts observed for the other peaks are similar so 
that the change in the relaxation energy is possibly the same and may be 
characteristic of antiTTDJlY oxide, although frw~er infonnation is needed 
about core level shifts to test this suggestion. 
8.2.4 Electron Beam Effects in the Auger Spectra of Sb203 
To study electron beam artifacts in the Auger spectra of Sb203 
an experiment was perfonned in which the M4/SN4/sN4/S Auger peaks ,.,re re 
recorded as a ftmction of exposure time T, to the electron beam, whilst 
all other conditions were maintained constant. The results, recorded 
with an electron beam of 2 KcVenergy and 50M current, are shown in 
Figs. 8-8(a) and Cb). The initial spectra at T = 0 was on a fresh 
part (Le. not previously bombarded) of the antimony oxide film and the 
energies of the peaks were characteristic of Sb203• Changes were 
observed in the appearance of the spectra as a ftmction of time and 
after 30 minutes exposure an additional peak became apparent, whose 
intensity grOlvs N'ith T. The position of this peak agrees well N'ith the 
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1>14 N4/ 5 N4/ 5 transition observed fran the Sb crystal. 
Eventually 
after bomhardment of the Sh203 surface ,vith electrons for 8 hours, the 
two peaks observed were characteristic of a Sb single crystal although 
some influence due to the oxide could still be detected as shown in 
Fig. 8-8(h). 
The electron heam is believed to be dissociating the antirrony. 
oxide: 
El. berun Sb ° ---~) '2 +3 
So that ,vi th the tire of exposure to the bombarding electrons 
the relative concentration of the antimony to the Sb203 increases 
wi thin the bombarded region and the Auger spectra recorded becomes more 
characteristic of Sb rather than Sbz03• Sane oxygen is thought to be 
desorbed fraT} the surface ac; its Auger peak height relative to antimony 
peak height has decreased during bOOtbardment. 
As Auger spectrum of the surface in the energy range 0 - 700 eV, 
after sc~ a long period of electron bombardment revealed no contamin-
ation due to sulnhur or carbon and nor could the substrate Auger peaks 
of I:k)lybdenum be detected. 
8.2.5 Results and Discussion of the Energy Loss Spectra 
The typical loss spectra from Sbz03 recorded with 300 eV and 
500 eV primary electrons are shown in Figs. 8-9 and 8-10 and the spectra 
recorded with l(l)O cV primary electrons is shown in Fig. 8-11. The 
losses observed from SbZ0 3 at different prmary energies are sunmarised 
in Table 8-7, from Nhich the rean values are obtained. 
There h'ere no optical measurements available in the energy range 
of interest to aid the identification of the observed losses of 51>2')3' 
nor could any ~o; energy loss measurements be discovered for antimony 
oxide. Plectron heam effects, described later, were useful in 
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identifying the ori~in of the losses. If the loss spectra recorded 
from SbZ0 3 are cOf'I!1ared ,dth those recorded from the Sh crystal then it 
is clear that the intensity of t!le 101'1' energy feature, nmi measured at 
7.5 eV has increasel1 in intensity. This loss is still believed to be 
due to the excitation of antulony 01 electrons to states near the Fermi 
level, but the intensity has been increased by an additional contribution 
from the four oxygen L2/ 3 electrons which have a hinding energy of 7 eV 
(Beardon and Harr) 30, and Nhich are also be lieved to be excited to the 
Penni 1 eve 1. 
The 11.0 eV and the 16.3 eV losses are identified as due to the 
surface (SP) and volume plasITDn (VP) excitations of antimony, respectively. 
As already mentioned in the AES of Sb203 ' the primary electron beam is 
thought to have a dissociating effect on the oxide. Thus a reasonable 
explanation for the obsetvation of the surface and voltune plasTllOns of Sb 
from a ShZ03 surface may be that in the region mder bombardment the 
electrons dissociate the top layers first from which the oxygen atans are 
desorbed leaving behimd a predominantly antimony layer, which will 
increase in thickness as bombarchmnt is continued. The volume and 
surface p1asmons of antimony are then excited in this layer and because 
the first ronolayer is predaninantly composed of antbnony atoms the 
surface plasmon energy is characteristic of antirnmy rather than antiJoony 
• 
oxide. The sm:l11 differences in energy with the values obtained from 
ptn"e antimony are probably due to a different packing density of the 
Sb atans. 
The valence band of antiJOOny oxide is expected to be caJ¥lOsed of 
the Ll , L2/ 3 electrons of oxygen together with the 01 and 02/3 electrons 
of antimonY, a total of 28 electrons per SbZ03 rolecule. These are 
the electrons actively involved in the chenical bend formation of SbZ03 
and by regarding these electrons as a free electron like gas in which 
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charge oscillations can he excited, a plasmon energy of 20.4 eV can be 
calculated in good agreement with the obseT\Ted loss at 20.2 eVe 
MUltiples of this volume plasmon loss are believed to be excited by the 
1(Xl) eV priIllary electrons shmm in Fig. 8-11. In this loss spectra up 
to 3 voll.JJOO plasmon losses can be detected. This Fig. 8-11 should be 
coopared l'lith Fig. 8-5 (1000 eV loss spectra from Sb) in whidl 5 vo1mnes 
plasmon losses are detected, this result possibly indicating that the 
possibility for plasmon excitation in Sb203 is not as high as in Sb for 
1000 eV primary electrons. 
The 37.1 eV loss is identified as the excitation of N4/ S electrons 
to states near the Fenni level. This peak has a shape similar to the 
34.1 eV peak in the loss spectra of Sb and the slight lowering of the 
binding energy is believed to be a chemical effect. Usually the 
binding energies of electrons in core levels are increased by a few 
electron volts when the (metal) atom fonns a chemical bond, because 
charge is transferred from it to the non-metal atan. The observation 
of such chemical shifts has already been mentioned for the antimony ~14' 
HS levels (Section 8.2.3). 
The remaining losses are identified as being due to primary 
electrons which have undergone multiple losses before emerging from the 
solid. The assigrunents are stDllllarised in Tahle 8-8 and Fig. 8-12. 
The 58 eV feature was not observed in the loss spectra of Sb although it 
is identified as the excitation of the Sb, NI -+- N2/ 3 electron transitions 
possibly due to the stronger voltune plasllDn losses in Sb in this energy 
range. Also in Table 8-8 peaks due to multiple antimony plasmon losses 
are identified whereas no peaks could be associated li.ith multiple 
antimony oxide plasmon losses. Possibly in the depth of penetration of 
the primary beam the Sb/Sb203 concentration ratio is significantly large 
due to the dissociation produced because the recording of the loss 
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spectra did require long scanning trnes of 15 - 30 minutes. Thus an 
electron is more likely to lose energy by exciting a Sb volume plasmon 
than a Sb203· volLU1le plasmon. 
8.2.6 Electron Beam Effects in the Loss Spectra 
Electron beam effects in the loss spectra of antimony oxide 
were detected. These are shown in Fig. 8-13 where the loss spectra are 
recorded after an exposure time T to the electron beam, in the same ,.,ray 
as the Auger spectra were recorded in Section 8.2.4. 
The results obtained in Fig. 8-13 show that the 16.1 eV loss 
increases in strength at the expense of the 20.1 eV loss. This behaviour 
is consistent with the dissociation of the antimony oxide by the electron 
beam as deduced from the Auger measureroonts because as the Sb 
ccncentraticn increases its vo1mne plasmon intensity would be expected 
to increase and this is indeed what is observed. Powell et al (1975) 195 
haS also recently used the increase in intensity of the volume plasITDns 
of potassium and lithiun to study the dissociation of KCl and LiF by 
impinging electrons. 
One important observation of note is that the Auger spectrun, in 
which primary all'rents of SOllA were used, revealed electron beam 
effects after approximately 15 - 30 minutes of banbardment, whereas in 
the characteristic loss spectra recorded with lower primary Olrrents 
C'" lOl1A), a peak due to the volume plasmon of Sb could always be detected. 
'Ibe reason for this effect is not clear but it is possible that during 
the deposition of the thin film two intermingled phases are formed i.e. 
the thin evaporated film consists of Sb203 + Sb, a1thrugh predominantly 
a Sb
Z
03 phase. Alternatively electron beam effects OCall' much more 
rapidly than indicated by AES, so that as soon as the beam is switched 
on, significant dessociation of the oxide films has occured for vo1tune 
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plasmans characteristic of SO to be observed in the energy loss spectra. 
The results obtained indicate that CELS may be a more sensitive 
teclmique for the detection of two phases in a thin film. From the 
measurements recorded on the Sb203 surface the initial AES spectra 
indica ted the presence of pure oxide only whereas the initial CELS 
spectra indicated the presence of antimony element as well as the oxide. 
The study of thin films may potentially be a useful application for 
CElS, certainly the infonnation obtained will co~lement the Auger 
spectroscopy particularly about the chemical state of the surface. 
8.3 Antimony Sulphide 
8.3.1 Introduction 
As a part of the programne to study chemical effects the Auger and 
characteristic loss spectra of antimony sulphide were obtained. Antiroony 
sulphide (Sb2S3) is another simple canpOlmd of Sb and one reason for 
inVestigating its surface was to see if it behaved in the same way as 
~timony oxide, (ShP3)· 
8.3.2 Experimental 
An antimony sulphide surface was prepared by the same method as 
the antiJOOny oxide surface, that is by evaporating from a molybdemnn boat 
at to a clean polished molybdemnn substrate. The antimony sulphide l\,as 
obtained in chip fonn from BllI193 and these were grotmd to a powder 
before placing into an outgassed J,t) boat. The sulphide l\'as slowly 
evaporated by heating the boat to a temperature between 300 ~ r:lYJ°C, as 
recamnended , and a thin film deposited on to the molybdenum substrate in 
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a mN environment. Auger spectra were recorded periodically to 
confinn the growth of the sulphide filM and evaporation Has continued 
tmtil a sufficiently thick filn, absent of any substrate influences, 
had been prepared. TIle evaporated film had a glassy appearance and 
care had to be exercised not to evaporate too tilick a film as then 
surface charging became so acute during electron homhardment that Auger 
spectra could not be satisfactorily recorded. 
8.3.3 Results and Discussion of the Auger Spectra from Sb2S3 
The Auger spectrun from a Sb2S3 evaporated thin film is shrnm in 
Fig. 8-14 and the antimony Auger peaks are shown in more detail in 
Fig. 8-15. TIle signal to noise ratio in the Auger spectrum was not as 
good as obtained from a clean, polished antimony surface and a small 
amotnlt of irnpuri ty chlorine, probably originating fran the Sb2S3 prn~der, 
''1as detected on the surface as evidenced by the Cl,L:i,tz/3H2/3 Auger peak 
at 181 eVe No other contaminants were observed. 
As seen in Fig. 8-14 the antimony Auger peaks from Sb2S3 are 
observed at higher energies than the same peakfrorn pure antiroony. The 
amotnlt of the shift to higher energies depended on the thickness of the 
antimony sulphide film, for the thicker films the shift was greater. 
This shift is believed to be due to negative surface charging of the 
antimony sulphide film, so that with an increasing thickness there is a 
greater negative charge stored in the surface region and hence the 
greater is the shift in the Auger peak position. For "thick" films , 
Auger peaks cruld not be observed due to the surface charging and the 
glassy antimony sulphide film was observed to "crack up" tmder the impact 
of the primary electron beam. 
It is difficult to be quantitative about the thickness of the 
antimony SUlphide films prepared as no thickness monitor was used. The 
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a UHV enviroIllilent. Auger spectra were recorded periodically to 
confinn the growth of the sulphide Hill and evaporation lJaS continued 
mti1 a sufficiently thick filM, absent of any substrate influences, 
had been prepared. TIle evaporated film had a glassy appearance and 
care had to be exercised not to evaporate too ~lick a film as then 
surface charging became so acute during electron bomhardment that Auger 
spectra could not be satisfactorily recorded. 
8.3.3 Results and niscussion of the Auger Spectra from SbZS3 
The Auger spectrun from a SbZS3 evaporated thin film is shmm. in 
Fig. 8-14 and the antimony Auger peaks are shown. in more detail in 
Fig. 8-15. TIle signal to noise ratio in the Auger spectrum was not as 
good as obtained from a clean, polished antimony surface and a small 
amomt of impurity chlorine, probably originating fran the SbZS3 pOlvder, 
was detected on the surface as evidenced by the Cl,L3~~/:~H/3 Auger peak 
at 181 eVe No other contaminants were observed. 
As seen in Fig. 8-14 the antimony Auger peaks ~ SbZS3 are 
observed at higher energies than the same peak from pure antiJOOny. The 
amomt of the shift to higher energies depended on the thickness of the 
antimony sulphide film, for the thicker films the shift was greater. 
This shift is believed to be due to negative surface charging of the 
antl.mony sulphide film, so that with an increasing thickness there is a 
greater negative charge stored in the surface region and hence the 
greater is the shift in the Auger peak position. For "thick" films, 
Auger peaks could not be observed. due to the surface charging and the 
glassy antimony sulphide film was observed to "crack up" mder the impact 
of the primary electron beam. 
It is difficult to be quantitative about the thickness of the 
antimony sulphide films prepared as no thickness monitor was used. The 
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TABlE 8-9 
S L2/ 3 '~/3 H2/ 3 (150eV in ~b spectra) 
~b (333.5) ) ~15 HI N4/ 5 ) 
Sh (341.7) ) ~ NI N4/ 5 
Sb (388) 
P1asron loss on HS N4/ S N4/ S 
Sb (455.1) HS N4/ 5 N4/ 5 
Sh (463.2) 
spectra presented here are fr(Jll a film of sufficient thickness so that 
substrate influences are negligible but not so thick that Auger spectra 
could be not recorded fran them. 
The Auger spectra recorded in Figs. 8-14 and 8-15 are from a 
suitable antimmy sulphide film and the energ'l positions of the observed 
peaks are SUJ1I1larised in Table 8-9 together l'iith the origin of the 
obselVed peaks. The energy values quoted for the antimony peaks in 
Table 8-9 are from the single crystal tesul ts. The peak at 440 eV is 
identified as a plasmon loss of the H5 N4/ 5 N4/ 5 electrons as they exit 
:fron 1ro solid ,it is :11teShmffi that the volume plasmon energy of Sb2S3 ~ 2OeV. 
In most of the spectra recorded from the antimony sulphide 
surface the ratio of the sulphur L2/ 3 HM peak height to the antinDny 
HS N4/ S N4/ 5 peak height was approximately 2:1, although some spectra 
were recorded in which the ratio was greater, eg. Fig. 8-14. 
8.3.4 Electron Ream Effects 
Considerable electron beam effects had been detected in the Auger 
sp~ctnn of antimony oxide, so a similar experiment was perfomed to 
obselVe the effect of electron bOO1barchnent on the Auger spectra fran 
Sb2S3• The H4/S~4/5 N4/ S Auger peaJ<s of antimony and the L2/ 3 M2/ 3 M2/ 3 
Auger peak of sulplutr were monitored as ftmction of beam exposure and the 
results are shmm in Fig. 8-16. During the experiment the pressure 
within the chamber increased to 5 x lO~ Torr from an initial ultra high 
vaOlum and subsequently decreased when the electron beam was switched off 
indicatmg that desorption stimulated by the electron beam was occuring 
frail the antimony sulphide surface. 
As can be seen in Fig. 8-16 the peaks are gradually shifting 
downwards in energy with beam exposure. No appearance of new peaks 
characteristic of elemental antimony could be detected although the peaks 
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in Fig. 8-16 have shifted to such an extent that after five hours 
bombardment the energies are almost characteristic of the pure elements. 
It is thought that the electron beam is adsorbing entire 
mole0l1es of Sh2S3 from the surface, thus gradually decreasing the 
thickness of the evaporated film and increasing the pressure within the 
chamber. The ratio of the sulphur L2/ 3 ~/3 ~t2/3 peak height to the 
antimony ~'fS N4/ 5 ~4/5 peak height also remained constant at approximately 
2 during electron bombardment, indicating no preferrentia1 desorption of 
antimony or sulphur ",as oCOlring. As the film thickness decreases it 
stores less charge in its surface region so that the peak shift 
gradually decreases. 
The antimony Auger peaks from Sb2S3 are expected to be at 
energies below the values from elemental Sb by analogy with antimony 
oxide. In fact the antimony Auger peaks from Sb2S3 are observed at 
higher energies and even after about 5 hours of banbardment, as shown in 
Fig. 8-16, the energy of the antimony peak did not fall below their 
value from elemental Sb. Further bombardment for 4 hours 
produced no detectable change in the position of the Sb peaks. It is 
possible that an equilibrium has developed due to molecules diffusing 
from the unbombarded surface to the region of the surface tmder the 
i.mpact of the electron beam effectively maintaining a constant thickness 
of film and thus a constant fixed energy far the Auger peaks. It is 
noteworthy that the interaction of the electron beam with the Sb2S3 thin 
film is of a different character than the interaction of the electrm 
beam with the Sb203 film as evidenced by the Figs. 8-16 and 8-8. 
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8.3.5 Results and Discussion of the Energy Losses of Sb2S3 
The energy losses of Sb2S3 were recorded with 300 eV and 500 eV 
primary electrons in the first derivitive (500 eV mly) and the second 
derivitive mode of operatim of the spectrometer. The losses were 
recorded from a freshly evaporated suitable film surface of Sb2S3 
on which the AES results indicated minor cmtamination due to chlorine, 
as shown in Fig. 8-14. 
The typical loss spectra observed are shown in Figs. 8-17 and 
8-18 and the energies of the observed losses are summarised in Table 
8-10. Ol.ly one previous JTteasurement of the characteristic losses of 
Sb
2
S3 could he discovered and that was by Leder and Harton (1954) 109 
who obtained their values hy transmission. of 30 't<eVelectrons through thin 
films. Their results are also summarised in Table 8-11 fOr comparison. 
The antimony sulphide losses originate from the same phenorrenon 
as the losses of Sb and SbP3. There were no optical measurements 
available to aid the identificatim of the observed losses. The 7.5 
eV loss is believed to be due to the excitation of the 01 electrons of 
Sb and MZ/3 electrons of sulphur to empty states close to Ferni level, 
as shown in Fig. 8-19. This loss has increased in relative intensity 
when it is compared with the 6.6 eV loss of Sb crystal due to the 
addi tional contribution. of the 4 sulphur electrms having a hinding 
energy of about 8 eV. 
The 18.4 eV loss is thought to be due to volume plasmon 
oscillatims of the valence band electrons of Sb2S3• The valence band 
electron density is COMpOsed of 5 electrons from each Sb atom and 6 
electrms from each sulphur atOOl, a total of 28 electrons per Sb2S3 
molecule. The plasmon energy for free electrm like oscillations is 
'calculated to be 17.8 eV in good agreement with the observed value. 
The origin of the 14.4 eV loss is not clear. In the loss spectra 
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TABLE 8-10 
I 
OBSERVED LOSSES.OF SB2S3 
Analyser 
~ (eV) Operation Observed lDsses (eV) 
MxIe 
SOO d~ 7.2 14.1 18.4 31.3 36.1 42.Z 
ar 
7.4 15.0 17.7 30.1 36.3 42.4 
7.7 14.2 18.0 31.4 36.3 
7.5 14.3 18.8 31.1 36.1 41.8 
7.4 14.6 18.6 31.4 36.8 43.6 
7.7 14.2 18.1 31.7 36.3 42.8 
7.4 14.5 18.7 31.5 36.5 
dN/dE 41.2 S7 
300 d~ 7.4 14.7 18.8 31.0 36.4 42.2 
or 
. ',',' 
Mtan 
14.4 Values 7.5 18.4 31.2 36.4 42.4 57 
(eV) + 
- 0.2 !c.2 !o.3 !o.4 !o.3 !a.S 
it is ohserved as a relatively strong feature and its energy is 
slightly higher t:1aJ1 the calculated surface plasmon energy (13.0 eV). 
Additicnally it is probably not to be associated lvith the presence of 
a Sb phase in the evaporated film as it s intensity did not change with 
beam exposure, nor is it associated with a sulphur phase, in the 
evaporated filr1, whose plasmon energy is ca1011ated to be 18.4 eV (on 
the basis of all 6 outer electrons undergoing oscillations). Purther 
infonnatian especially from optical rneaffilrements is needed for an 
identification of this feature. 
The 36.4 eV loss T')eak agrees in shape with the 37.1 eV loss pea..\ 
of SbZ03 and the 34-1 eV loss peak of Sb so that it is identified as the 
excitation of ~4/Selectrons to enpty states close to the Fermi level. 
1be increase in hinding energy of the N4/ 5 electrons has occured due to 
the chemical bonding ,vi th sulphur. The transfer of outer electrons 
from the antiT'lCllY atan to the su1plutr atOOl has effectively increased the 
influence of the ion core on the renaining electrons of the Sb ion, 
resu1 ting in higher binding energies for them. 
The 57 eV loss is identified as being due to the excitation of 
NI electrons to the H 2/3 level by the primary beam. The remaining 
losses are interpreted as heing due to multiple loss processes and 
their assignments are summarised in Table 8-11. Same of the losses are 
identified on the energy level diagram of Fig. 8-19. 
The effect of electron beam banbardment on the characteristic 
losses was studied hy carrying out an experiment similar to the one 
perfonned on antimony oxide. No electron beam effects could be detected 
in the loss 5IlCctra after two hours of banbardnent and so the experiment 
was discaltinued at this stage. 
138 
J 
TARLE 8-11 
AC;SI~Em' OF 'mE OlARAcrERISTIC LOSSES OF SB2S3 
Present Work 
(eV) 
1) 7.5 
2) 14.4 
3) 18.4 
4) 31.2 
S) 36.4 
6) 42.4 
7) 57.0 
Leder 8. Marton109 
(1954) 
6.3 
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F!~.8-l9. The Outer Electronic Levels Of Antimony And 
sulphur Showing Possible Characteristic Losses. 
8.4 5UI111lary 
In this chapter t~lC Auger spectra and the characteristic energy loss 
spectra of Sb elm), Sb203 and Sh2S3 have been presented. The positions 
of the Auger peaks of Sh (lm) in the energy range 0 - 550 eV were 
detennined and transitirnL~ assigned to them. The influence of Coster-
Kronig transitions in the Auger spectra of the pure element was noted. 
The Sh A.uger peaks were fomd to shift to lower energies by a 
small amount "'hen recorded fran a Shi)3 thin film. Sane of this 
chemical shift ,-ras identified as being due to the change in binding 
energy of the core level electrons involved and the remainder was 
interpreted as a change in the extra-atanic relaxation energy of Sh. 
1bis was Jech.lced to be 10lvered by about 5 eV in antimony oxide. 
The Sb Auger peaks detected fran a Sb2S3 thin film surface were 
f~d to be strongly influenced by surface charging effects so that 
chemical shifts could not he identified. Strong electron beam induced 
effects were observed on 5b203 and Sb2S3 surfaces. The results 
obtained suggested that the electron beam dissociates the antimony oxide 
molewles whereas the antimcny sulphide molecules were desorbed. 
The cllaracteristic energy losses from all three materials were 
obtained and interpreted in tenns of surface plasmons, volume plasmons 
and interband transiticns. The oammon features of the observed losses 
~ summarised in Table 8-12. Peaks in the loss spectra were identified 
with free-electron like plasmon oscillations of the valence band electrons 
:in all three m.'tt~rials. nle Sb (N4/5 + Fenni level) transition energy 
-.5 fOlUld to he dependent on the chemical enviro:ment of the antimcny 
atcJllS and addi timally a strong peak was always detected at lower energies 
,ddch was interpreted as heing due to the exci tatim of valence band 
electrons to ermty states close to the Fermi level. 
139 
TABLE 8-12 
Slf.M\RY OF <JJ.t.mIDSSES OF SB, SB203, SB2S3 
Valence band Vo1une N4/~ -+ Fermi Voltune 
-+Femi level P1asmm eve 1 Plasmon 'hwp (Observed (Observed (Observed ( Calculated 
Energy) Enerm Energy) Enel'JOO 
Sb 6.6 15.8 34.1 15.1 
Sb203 7.5 20.2 37.1 20.4 
S>2S3 • 7.5 18.4 36.4 17.8 
0iAPTER. 9 
AUGER ELECIRrn AND·ENERGY ·LOSS SPECOOSQ)PY' OF 
BISMTlH AND BISMJm OXIDE 
9.1 Bismth 
9~1~1 Introduction 
The interesting results obtained £ran the study of antimony and 
its canpounds in the previoos chapter provided a sti.Jru1us to proceed with 
further worl< on the grrup V semi metals. Bismuth is the heaviest of the 
group V elements having an outer e1ectrm configuration of 6S26p3. The 
sm-face of this material has been little studied previously and no 
report could be f01md in the literature about an Auger spectroscopy 
study, although the Auger spectra has been published by P.E.r. in their 
handbook 140. 
An AES study of bismuth is of practical importance because the 
material shows pranise of important future uses. Two particular 
app1icatims in a state°brrent deve10J111ent are mentimed here. 01sen 
(1974) 196 has developed biSJlllth thin films on glass substrates as a 
useful holographic recording material with sensitivity extending into 
the infra red wavelengths and MlBi is one of the materials currently 
being developed for potential use in canplter memory devices197• 
The Auger spectrun fran a clean biS1DJth thin film surface is 
presented in this chapter with sane, previrusly mreported fine 
structure being resolved. The energy losses ,which were obtained fran 
an AES characterised surface, are then presented and ccnpared with 
previrus studies. 
1.40 
9.1.2 Experimental 
Initially it was attempted to record results from a solid 
bismuth target. A disc of lon.c; diameter and 2mm thick was cut frOOl a 
polycrystalline rod of 99.99% purity supplied by Hetals Research Ltd. 
One face of the disc was mechanically polished with the usual technif{Ues 
as described for the stainless steel and molybdenum samples. The 
target was mounted in the chamber and the system evacuated to 11'" 
-10 pressures QC 5 x 10 Torr. Auger spectra of the bisnruth stn'face 
showed considerahle contamination due to sulphur and carbon, a small 
peak due to bismuth could be detected and the maj or peaks heights 
observed from the elements were in the ration 1:3:8 for Ri:S:C. 
AtteJllPts were made to remove the contaminants hy heating the target 
with electron hombarchnent with out acheiving any success. A 
difficulty arose because the Bi has a low melting te1'llJlerature of 540oK, 
so that the target would melt before any contaminAnts were ret'TDved from 
the surface. Additionally the primary electron beam did not appear to 
have the same cleaning effect on Bi, as was observed on the antimony 
crystal. 
Attempts to obtain a clean solid target were eventually abandoned 
and it was decided to try to prepare a clean bismuth surface by 
evaporating a thin film on to a roolybdentlll substrate, in a lnN 
environment. 99.99\ pure bismuth was evaporated from an outgac;sed 
tmgsten filament on to the molybdenum substrate which was at room 
te~ratre. The substrate was prepared using the same method as was 
used to prer>are the mo1ybdenll11 target of Chapter 7 and it was flashed 
clean of any contaminants before evaporating the bismuth film. The film 
was deposited by flashing the tungsten filament to white heat (Approx. 50 
amps through the filament) and gradually the thickness of hismuth on the 
substrate increased. During the evaporation the pressure within the 
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TABLE 9-1 
ENBRGY OP OBSERVED PEAKS PRCM BlSMLmI 
Present Work (eV) 
18 
43 
62 
67 
74 
86 
90.8 
96.7 
98.2 
100.2 
101.9 
105.4 
107.2 
118 
129 
182 
208 
239 
245 
250 
267 
329 
389 
409 
449 
466 
512 
• 
P.E.I. l40 CeYl 
17 
96 
101 
129 
180 
203 
234 
249 
268 
332 
384 
404 
416 
460 
487 
510 
dumber increased to IV 10-6 Torr. 
The bismuth surface thus prepared revealed no cmtaminatim, as 
detected by AES. Consequently we proceeded to obtain results from 
this surface. No electron beam induced effects could be observed so 
that lmger scan tinEs for recording the Auger and energy loss spectra 
could be used. 
9.1.3 Results and Discussi<n of 'the 'AUger 'Spect1"l1ln 'ofB:i:sIIluth 
The overall Auger spectrum fran Bi in the energy range 0 - 550 eV 
is shown in Fig. 9-1. The appearance of this spectn.un is similar to 
that published by P.E. r.140. The Auger spectrun of Bi is characterised 
by a large peak of energy aboot 100 eV, the remaining peaks are of much 
lower intensity and these 1ere examined using a longer time constant on 
the lock-in amplifier, together with a slower scanning rate. The results 
are presented in Fig. 9-2(a) and (b). Also shown in Fig. 9-2(a) is the 
large Bi peak ("" 100 eV) observed with 10ltt'er modu1aticn ~litdes to 
increase the resolution of the instrunent· The P.E.I. spectrum of Bi 
detected two peaks at 96 and 101 eV in this energy range and l\'e also 
detect two peaks using a modulation of 2v pk-pk, but m decreasing the 
IIIIPli tude of modulatim addi timal fine structure becanes apparent and 
with O.Sv pk-pk modulatim six features can be identified in this energy 
range. At these energies the resolutim of the analyser is approximately 
0.7 eV, so that using 0.5 volts pk-pk modulation the instn.unent is 
operating near optimtun resolution and sensi tivi ty. 
The energies of the observed peaks are sunmarised in Table 9-1, 
together with the values obtained by P. E. I. The energies of the fine 
structure features are an average of three measurements and an error of 
!: 0.2 eV is estimated in these values, the remaining peak energies are 
+ 
accurate to - 1 eVe 
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TABLE 9-2 
mE ASSImMNr OF mE AUGER PFAKS OF BIsrvIH 
Observed Transition Calculated 36 Ml1 tip1ici ty 
Energy (eV) liieW 
18 05 V V 17.0 eV 14 
N3 N4 N6 22.0 eV 25 
43 N7 03 05 32.0 eV 50 
N6 03 05 37.0 eV 37 
03 05 0S 38.0 eV 37 
N3 NS N6 48.0 eV 37 
N3 NS N7 53.0 eV 56 
N, 03 V 56.0 eV 25 
62 N6 03 V 61.0 eV 18 
03 05 V 62.0 eV 18 
67 02 0S 05 62.0 eV 18 
86 N2 N3 0S 87.0 eV 12 
90.8 NS N6 N6 90.5 eV 56 
96.7 N5 N6 N7 95.5 eV 75 
98.2 N7 04 04 99.0 eV 33 
100.2 NS N7 N7 100.5 eV 100 
101.9 N7 04 0S 101.0 eV 50 
105.4 ~ N7 Os 05 103.0 eV 75 
N6 04 04 104.0 eV 25 
107.2 N6 0S 0S 108.0 eV SO 
118 N4 N6 N7 119.0 eV SO 
129 N4 N7 N7 125.0 eV 66 
182 NS N7 03 172.0 eV SO 
208 N3 N5 05 195.0 eV 37 
N4 N7 03 198.0 eV 33 
/ ... 
TABLE 9-2 contd. 
Cbserved Transition calculated Mu! tipliCi ty Energy (eY) Piiergy 
239 ~ NS N6 0S 238.0 eV 56 
NS N7 04 241.0 eV SO 
245 Ns N7 05 243.0 eV 7S 
250 N5 N7 P1 256.0 eV 18 
267 Ns N7 V 266.0 eV 37 
N4 N7 05 267.0 eV 50 
329 N3 N6 N6 330.0 eV 37 
N3 N6 N7 334.0 eV 50 
389 Ns 05 05 385.0 eV 56 
409 N4 05 05 409.0 eV 37 
N3 N7 N7 411.0 eV 33 
449 N4 P1 V 450.0 eV 6 
466 NZ N7 N7 467.0 eV 33 
512 N3 N7 V 506.0 eV 25 
Transitions are assigned to the obselV~d peaks using the tables 
of Coghlan and Clausing36 and are stIlIIlarised in Table 9-2. The broad 
peaks obselVed at 43, 62 and 67 eV could not be assigned a specific 
transition and it is thought that they are probably due to several 
lUlreso1ved peaks in this energy range. The energy of the primary beam, 
2.5 keV,is such that the M levels are not ionized due to their greater 
binding energy. 
The electronic structure of bismuth is such that the most 
populated subshe1ls are the core levels Ns (6 electron), N6 (6 electrons), 
N7 (8 e1ectrms), 05 (6 electrons) so that Auger transitims involving 
these levels are expected to be the strongest and not transitions 
involving the valence band of bismuth. In this respect bismuth is 
similar to antimony whereas in molybdenun and gold the strmgest 
transi tims are those which involve the valence band. Thus the fine 
structure in the strong bisnuth peak shown in Fig. 9-2 (a) is due to 
transitions be~en core levels and does not reflect the valence band 
density of occupied states. 
The influence of Coster-Kronig type transitions is to be noted. 
Vacancies created in the lower N levels are filled by Auger transitions 
involving the higher N levels rather than direct transitions to the outer 
electrms of the atom. Thus NsOsOs (389 eV) and N40sOs (401 eV) are 
ruch weaker than the N60SOS and N.,oSOS transitions whereas Coster-Kronig 
transitims such as NSN6N6 and NSN6N7 are observed to be relatively 
strong. 
9.1.4 Resu1 ts and Discussion of the Bnew Losses of BiSlllth 
The characteristic energy losses of biS1lU1th WEre sttdied with 
300 eV and SOO eV primary electrons. The loss spectra were recorded in 
the first derivitive and second derivitive mode of operation of the 
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TABLE 9-3 
ENERGY OF OBSERVED LOSSES OF BISMJrH 
Pr" ne~\ Ana1{Ser opera 100 (e iOOde 
300 d~ 
cm 
500 d~ <m 
d~ 
<m 
dN 
cm 
~an Value (eV) 
Observed Losses (eV) 
6.0 10.8 15.6 21.6 25.8 28.9 
5.9 10.2 15.1 21.7 25.4 28.7 
6.3 9.6 15.6 21.6 25.8 29.4 
6.1 9.8 15.3 21.4 25.2 28.4 
6.5 10.4 15.6 21.5 25.4 28.9 
6.3 9.9 15.6 21.8 25.7 28.8 
43 57 
44 57 
6.2 10.1 15.5 21.6 25.5 28.9 44 57 
: 0.1 ! 0.2 ! 0.1 ! 0.1 ! 0.2 : 0.2 
analyser from the evaporated uncontaminated thin film surface. The 
observed spectra are shown in Figs. 9-3 and 9-4. 
The energies of the observed losses are summarised in Table 9-3 
and the mean values calculated. The error bars represent a confidence 
Hmi t of 66\. The high energy losses at 44 and 57 eV were mly 
observed in the dN/dE spectra for 500 eV primary exciting electrons, 
prestunahly due to the greater instnmental sensitivity with the higher 
bean currents available for this primary energy. 
The loss values obtained are canpared with the losses observed 
by other authors, in Table 9-4 and as can be see rur values are in good 
agreement. The origins of the observed losses are identified by 
comparison with the optical properties of bismuth, which have been 
detennined by Hmter et al (1965) 201 and by Toots et al (1969) ~2. 
The results of both these authors show a strong broad maxima in the 
energy loss ftmction Im (:.!) at 14 - 15 eY, so that the observed l5.5eV 
E 
loss is identified as a volume plasmon oscillatim (VP). The plasmon 
energy for free electron like oscillation of the 5 valence band electrons 
of bismuth (6s26p3) is calculated to be 13.9 eY. The higher energy of 
the observed plasmon loss possibly indicates a strong interband 
transi tion at lower energies, Rai ther (1965) 91. 
The 10.1 eY loss is identified as being due to a surface plasmal 
(SP) oscillation althrugh the observed energy is lower than the 
calOllated value of 11.0 eVe There were no graphs available of the 
surface loss ftmction Im (1 ;1 E)to confinn this assignment. 
The 6.2 eY loss is identified as the excitation of the PI electrons 
(6s2) to states near the Penni level and similarly the 28.9 eV loss is 
identified as the excitaticn of 04/ 5 electrons to states near the Penni 
level, as shown in Fig. 9-5. These assigmnents are indicated by the 
optical properties of Hmter201 which have structure in the bulk loss 
144 
TABLE 9-4 
ASSI(N.ffiNT OF 'lHE OBSERVED lJ)SSES 
ObselVed Powell Wehenke1 Zachrais 
Values (eV) (1960) 188 (1974) 198,199 ~1973~2m Assigrl.1Yent 
1) 6.2 5 5 5.3 Fenni PI ~ level 
2) 10.1 9.9 10 9.5 SP 
3) 15.5 14.7 13.95 14 14.4 VP 
4) 21.6 24 24.6 VP + (1) 
5) 25.5 24.8 24.45 27 27.8 VP + SP 
6) 28.9 29.0 27.3 29 29.7 Fenni 
°4/S-f}eve1 
7J 44 3VP 
52 
8) 57 4VP 
Fermi Level 
P 
'l/3 (3) 
P 1 (2) 
5 (6) 
03 (4) 
Level No. or 
Electrons 
° 3 
8 
25 
27 
93 
Valence 
Band 
Binding 30 
Energy(eV) 
Fig. 9-5. The Outer Electronic Levels Of Bismuth Showing 
Possible Characteristic Losses. 
flDlctim at 6 - 7 eV and in the regim Z5 - 30 eVe 
The remaining observed losses are thought to be due to primary 
electrons lDldergoing multiple in-e1astic collisions before emerging from 
the solid. The assignments are st1Illn3.rised in Table 9-4. The bismuth 
losses are by no means conclusively identified due to the presence of 
core level excitations and multiple losses at energies very close to 
each other. TIUls the 04' 05 level splitting of ~ 2 eV cannot be 
identified in the l05S spectra due to the prescbce of the (VP + SP) loss 
and a possible contribution due to a ZVP loss at 30 - 31 eVe 
9.2 Bismuth Oxide 
9.Z.1 EXperimental 
To study the chemical effects on the Auger SpectlUll of bismuth we 
proceeded to obtain results fran biSIlUlth oxide, BiZ03• The oxide was 
obtained in tablet form fran Brnl93 and glUUld to a powder before placing 
in an outgassed mlybdenum boat for evaporaticn. Again a mo1ybdem.Jn 
substrate was used, prepared in the nomal way and flashed clean in a 
tIN atmosphere, prior to evaporating the oxide film. 
The evaporatim temperature of bisrluth oxide is in the region of 
800 - lOOOoC and it was fOlDld on depositing the oxide films that there 
was still sane molybdem.Dn contaminaticn, as detected by AES, present. 
We were satisfied that there was a sufficiently thick oxide film to 
neglect SIDS tra te influences. It is thcught that at the high evaporaticn 
temperatures needed for BiZ03, the oxide was reacting with the molybdenun 
boat to £onn a molybdenum oxide ~ and this is lcnOWl to sublime 
appreciably at temperatures of lOOOOC203 • Consequently not only was 
BiZ03 being deposited on the substrate but also MoOZ cmtsninatim. 
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Subsequently ,,,e used a platinum evaporation boat and a stainless steel 
suhstrate, as a precaution to eliminate the !105sibility of the 
JTX)lybdenlJll 5uhstrate heing the cause of the contamination. 
The stainle5s steel suhstrate ,.,ras flashed to a hip,h terrrperature 
to desorh surface contaminants, al thoup,h sTIlall aTllOlmts of C, Sand 
oxygen were still present. The bisllUlth oxide was then evaporated on 
to the nolished face of the stainless steel tar~et. The pressure 
within the chamber increaseci from an initial value"" 10-10 Torr to 
~10-6 Torr durinp; evaporation. A sufficient thickness of film was 
evaporated to el:irrtinate substrate influences. 
FrOOl such a film, which had a dull p,reyish appearance, the Auger 
and energy loss measurements M~re recorded. During electron beRM 
bombardment of the surface the pressure within the chamher increased 
to 4 x 10-8 Torr, from an initial UN possihly due to desorption froM 
the surface, aI though no electron heaJ'll effects could be detected in 
the Auger spectra. 
9.2.2 Results and Discussion of the Auger Spectrum of Hismuth Oxide 
The klger spectrum from a contamination free bismuth oxide 
surface is shown in Fig. 9-6 and the fine structure in the TIlajor 
hismuth peak is shown in Fig. 9-7. The al"}'learance of this spectrun 
re'J'llainecl lIDchanr,ed with electron beam exposure indicatin~ that the 
pressure increase observed in the chrunber \.,rac; probably due to 
desorption of entire JTX)lecules of Ri203 rather than the desorption of 
oxygen by dissociation of the molecules. In this respect Ri203 
appears to differ fran antimony oxide. 
The energies of the observed peaks in the Auger spectrum of 
bismuth oxide are summarized in Table 9-5. These energies are 
+ the average of a numher of spectra and are accl~ate to - 1 eVe 
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TABLE 9-S 
ENERGIES OF 1HE PFAKS OBSERVED FROM Bi203 
<l>served Transition Assigned Observed Ener~ fey? in Bi Energy (eV) lran -(Bi203) 
21 Bi 0SV V 18 
Bi N~4N6 
44 Bi Broad feature 43 
S3 Bi (N7) Bi (03) ° (L2/ 3) 
Bi(N6) Bi(03) ° (L2/ 3) 
71 Bi (03) 0(L2/ 3) 0(L2/ 3) 
90 Bi NSN6N6 90.8 
+ 96.0 .:.0.2 Bi NSN6N7 96.7 
+ 100.9 .:.0.2 Bi Nr1il7 100.2 
+ 102 • 4 .:.0. 2 Bi N7040S 101.9 
116 Bi N4N6N7 118 
128 Bi N4N7N7 129 
270 Bi N4N705 267 
ea1cul.ated36 Jt1l tip1ici ty 
Biergy 
474 0 K t,.Ll 477 25 
489 
° 
K L1L2/ 3 496 SO 
498 ° (K) ° (L1) Bi (p 2/3) 
509 
° 
K L2/ 3L2/ 3 516 100 
The originsof the peaks are also identified in this table together ,.nth 
the energy of the same peak as detected from the element bismuth in the 
previous section. The calculated energies and multiplicities of the 02 
Auger peaks are stmmarised fran the tables of Cogh1an and C1ausing36 • 
The Auger spectrun of bismuth oxide is different from the bismuth 
Auger spectnm in a ntunber of ways. Apart from the obvious addi ticna1 
peaks due to oxygen, the fine structure in the Bi 100 eV peak fran 
Bi203 is not so apparent as shown in Fig. 9-7. Two reasons are suggested 
for this. Firstly, the signal to noise ratio in the Bi203 Auger spectrum 
is not as good as in the Bi spectrum probably due to a surface topography 
effect and secmdly, some broadening of the Auger peaks is thought to 
occur so that not as much fine structure is resolved by the instnment. 
In the Auger spectrum of biSJlllth oxide a strong peak is 
identified at 53 eV which is m1y observed as a broad shallow peak, in 
the Bi spectrun (labelled at 62 eV), see Fig. 9-2. The assigruEnts 
for the observed bismuth peaks in Table 9-2 indicate the presence of 
transitions at about SO - ro eV ca1rulated energy involving the valence 
electrms. Thus in bismuth oxide, the additional electrons 
introduced by the oxygen atom into the valence band are thought to be 
enhancing the intensity of the 53 eV peak with a cross transition (or 
interatanic Auger peak) of type Bi (N6/7) Bi (03) ° (~/3)' Fig. 9-8. 
The calculated energy of such a transition is estimated to be 58 eV, in 
good agreement with the observed value. Similarly the 71 eV peak is 
also identified as a cross transition as indicated in Table 9-5 and 
shown in Fig. 9-8. The 498 eV feature is also thought to be a cross 
transticm, a similar peak was observed in the Auger spectrun of antimony 
oxide, rut there no other strong cross transitions, similar to the 
53 eV and 71 eV structures in Bi203• could be identified. 
Because the 53 eV peak involved electrons fran the valence band 
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P'lg.9-9. Fine St.ructure In The 53eV Peak. 
it was thought that it may contain features reflecting the valence band 
density of oCOlpied states. Consequently it was examined with a 1<M 
amplitude modulation of 0.5 v pk-pk, as shown in Fig. 9-9. As can be 
seen no fine structure could be identified, although the peak is 
observed to be 6 - 7 eV broad (pk-pk width), indicating that possibly 
a broad regim of the valence band is participating in this transition. 
Olemica1 shifts similar to those observed in the Auger spectrtln 
of ant:i.mmy oxide were not detected in the spectrum of bis1llJth oxide, 
certainly the results on the major bismuth peak revealed no systematic 
shifting of these peaks. The antimony oxide evaporated film had a 
polycrysta1line appearance whereas the bisnruth oxide evaporated film 
was of a powdery texture, which could be easily removed fran the 
substrate by rubbing. In Chapter 8.2 a significant proportim of the 
chemical shift of the antimaly Auger peaks was explained as a change in 
the extra-atanic re1axatim energy which has a structure dependent tenn 
in it as it involves the lattice electrons. Because of the "powdery" 
structure of the evaporated bismuth oxide film little change is 
expected in the extra atanic relaxation energy and hence chemical shifts 
would be small. 
9.2.3 Results and Discussion of the Enerp' ill;se;of Bismuth Oxide 
The energy losses were recorded with 300 eY and 500 eY primary 
electrons £ran an AES characterised, freshly evaporated, biSIIIUth oxide 
surface. The typical spectra obse!Ved are shown in Figs. 9-10 and 
9-11. 
The energies of the observed losses at different primary 
energies are S1..IIIIIUl!'ised in Table 9-6 and the mean values obtained. 
There appears to be only ane previous measurement of the characteristic 
losses of Bi203 , as far as we could discover, and this was by Wehenke1 
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TABLE 9-6 
ENERGIES OF IDSSES OBSERVED FRCM Bi 203 
prima~E1ectran 
Brier (eV) 
300 
300 
500 
500 
500 
500 
Mean Value 
OPf!<;r eratlal 
d2N 
dEZ 
" 
" 
" 
dN 
cm 
" 
ObseIVed Losses (e'O 
5.0 8.9 15.1 
5.8 9.0 15.6 19.1 
6.2 8.5 14.3 17.2 27.8 
8.9 16.0 18.4 28.2 
8.6 16.7 27.1 
8.9 14.9 25.6 
5.7 8.8 15.4 18.2 27.2 
- 0.2 !o.2 !D. 5 ! 1 
TABLE 9-7 
ASSI~ OF nm OIARAcrERIsrIC LOSSES OF Biz03 
Present Work 
(eV) 
5.7 
8.8 
15.4 
18.2 
27.2 
Wehenke1 (1974) 198 
11 
18.5 
29 
As si gmnent 
o (12/3) Bi (PI)" Fend level 
SP? 
VP of Bi 
VP of Bi203 
Bi (04/ 5) .. Fenni level 
o (11) .. Fenni level 
et al (1974)198. Our results are canpared with this author's \\IOrk in 
Table 9-7. Wehenk~l et al prepared his bismuth oxide film by heating 
biSJm.lth samples in hmnid air and his results were obtained by the 
transmission of high energy electrons. 
en the basis of the 6 outer electrons of each oxygen atom and 
the 5 cuter electrons of each bis1ll.lth atom contributing to the valence 
band of bismuth oxide (28 electroo.s per molecule), a plasmon energy 
of 19.6 eV can be calcolated for free-electrons like oscillations of 
these electrons. Thus the peak observed at 18.2 eV is identified as 
a volume plasm:>n loss, although this is difficult to resolve on the high 
energy side of the 15.4 eV loss. 
The 15.4 eV peak is identified as the vollDDe plasmn loss of 
bismuth (identified at 15.5 eV in eleaental Bi). The strong presence 
of this loss indicates that possibly a bismuth phase exists in the 
evaporated thin film. No change in the intensity of this loss amId 
be observed with time of electron beam exposure so that the presence of 
the biSJ1llth is probably due to evaporation from the platinun boat and 
not due to a dissociation of the bismuth oxide thin film by the primary 
electrcn beam. 
The energy loss at 8.8 eV is tentatively identified as a 
surface plasmon oscillaticn although it is at a ruch lOt\'er energy than 
the predicted surface plasmon energy of bismuth (Ill 11 eV) or bisnath 
oxide (:: 12.9 eV). No reason can be suggested why the plasmoo energy 
should be lowered. 
The 5.7 eV loss and the 27.2 eV loss are identified as excitations 
to empty states near the Fermi leY'el of the material. The oxygen L2/ 3 
electrons and the bismuth PI electrons have a binding energyof7-8 eV 
so that the 5.7 eV loss is identified with the excitation of these elec-
trms and similarly the 27.2 loss is identified as the exci tatioo of the 
bismuth 04/5 electron with a possible additional cmtribution due to 
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Fig.9-l2. TheOuter Electronic Levels Of Bismuth And 
Oxygen Showing Possible Characteristic Losses. 
the oxygen ~ electrons being excited, see Fig. 9-12. The assignments 
of the Bi203 losses are summarised in Table 9-7. 
In this chapter the Auger spectra characteristic of bismuth and 
bismuth oxide have been studied in the energy range 0 - 550 eVe The 
energies of the peaks were detennined and transitions assigned to them. 
In the Auger spectrum of bismuth, previously lDlreprted, fine structure 
in the main peak (:= 100 eV) was resolved. This fine structure becomes 
smeared out in the bismuth Auger peaks fran BiZ03• No chemical shifts 
of the bisnuth Auger peaks coold be identified when they were detected 
fran the oxide surface, although sane cross transitions (or inter-
atanic peaks) imrolving both bismuth and oxygen energy levels were 
thought to be detected. 
The characteristic energy losses of these materials were also 
obtained but the assignments of the observed losses fran bisnuth and 
bisnuth oxide are sanewhat tentative, partly due to the absence of any 
corroborative data from. optical measurements. Nevertheless, free-
electron like vohDne plasmon oscillations of the valence electrms can 
be identified in both these materials as well as excitations of bound 
electrms to states near the Fenni level. 
1SO 
In this thesis the main conclusions about each Material 'lave 'been 
st.fTU11arizeJ at the end of eacll dlc1.pter. III this final chanter an overall 
"icture of the work is presented tor,ether 1vi th sn:-r,gestions ~or future 
studies. 
In Chapter 4 the design and construction of a cylindrical nirror 
type of A~er Spectrometer lvas descrihed nnd this double pass analyser 
lVas shOlI'l1 to operate successfully ,,,i th an energy resolution of 0.7 - 1.8%. 
It l'Iac; shown that the instrunent can he operated to yield an outfut \vhidl 
? 
. . 1 1\'(E) dN(E) d~N(E) . .t.. "T(E)· 1 ~~-IS proportlona to "' .J, ill or Z ,1'Vllere:'I. : IS t le seconCli:U Y 
c. dE 
electron eMission srectrun. Al though the instnl11ent can continue to 
yield many useful results :in its present forn, n..IQ Modifications are 
suggested lVhich may further improve its perfonnance:-
Ci) The size of the central anerture can be reduced from its 
present value of 2ntn. to say lm. ~le size of this sperture effectively 
detemines the source size for the second stage of the instnlllent and 
hence the resolution, so that a reduction :in the size of the central 
aperture lviIl result in an improvement in resolution, although SOMe loss 
of trans~ission may occur. 
(ii) The incorporation of retarding grids at the entrance of the 
analyser cruld lead to significant improvements. 111is type of instrunent 
which ~s recently became commercially availahle from P.E.I., ,~ld t~en 
ccnsist of three energy analysers in series - one hemispheric.:1.l retarding 
grid system and tlvo cylindrical mirror analysers. The electrons 
emitted from the target are first accelerated to higher or lmrer energies 
by the retarding grids lvhich are conamtric \'Ii th the source point. The 
energy ~'lith l.nlich they are injected into the double pass CfA is thus 
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controlled to yield the desired energy resolution hL TIms ,\ugcr 
!'leaks at different energies can he recorded with a constant enerr,y 
resolution and a constant electron l1ml tiplier gain~ (which is knm\'I1 
to vary slightly l'.,ri th energy). This will he a considerahle aclvanta:-r,e 
in quanti tati ve AFS when Auger peak heights at different energies need 
to be comparecl. 
TIle a;>paratuc; constructed Nas used to study the detailed .I\.ll?;er 
spectra of four elements Au, ib, Sh and Hi, the peaKs froM eadl 
element l~ere identified and transitions assimcd to t~leM. A COYlJllon , , 
feature 0+ all the spectra studied was the influence 0+ Coster-Kroni?, 
transi tions enhancing the vacancy distrihution in tl,e higher suhshells 
thus increasing the relative intensity of the !\uger peaks involvin~ 
these suh-shells. In the peaks iJentified as Auger transitions, Hi th 
at leac;t one final state hole in the valencc hand, no valence hand 
density of occupied states effect could be detected. TIle peaks 
identified as involving t.\e valence hand, such as thc !t4/ 5 W peak of 
'10, were observed to be of sufficiently narrow ,ddth as to have the 
appearance of quansi-atomic Auger transiticns instead of displaying the 
solid state influences expected. 
It would be useful to study an element ego silicon in whose Auger 
spectrum valence band effects have already heen identified. Elements 
having a strong low energy peak involving the valence band (eg. t2/'f,VV 
peak of Si at 91 eV) can be particularly well investigated hecause of 
~le good energy resolution of the instrument at these low energies. 
Fine structure similar to that observed in the main bismuth (Z • 83) 
peak is also expected in the main lead (Z = 82) and thalliun (Z = 81) 
peaks and this may be \vorth investigating particularly as it has not 
been reported in the literature. There is also the possibility of 
perfonning adsorption studies similar to the one perfonood en 
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~olyhdenrn. 
were studied and SOP1e chemical effects iclenti Hed. 
peaks detected from an antimony oxiue surface were shi Hed to lower 
ener!!ies and SOT'1e of this shift was identified as due to a lowering of 
o ' 
the hinding energies of the core electrons involved (\.'10 t'le remainder 
(~5 eV) as a reduction in the extra-atomic relaxation ener~ of tllC 
antimony due to the dlemical canhination ,dth oxygen. ~Jo chenica1 
shift of the metallic Auger peaks could be detccter! from the o~~cr t1'.'O 
c0111pOlmds hecause of surface c.~arging effects on the antiJTlOny sulphide 
and possibly poor structure of the bismuth oxide fim although cross-
transitions were identified in tile BiZ03 Auger spectnnn. Further Nork 
on fuese compOlmds could be attempted hy evaporating the thin fi1I'1S on 
to different suhstrate materials and an a1 ternati ve Method to prepare 
BiZ03, hy heating a bismuth target in a pure oxygen atrosy>here, nay 
be '<forth investi~ating. 
111e characteristic ener~' losses of the various elements and 
compalnds 'vere obtained and free-electron like pla~on oscillations of 
the valence hand electrons identified, as sUl11Tlarised in Tah1e 10-1. 
Excitaticn of core level electrms to empty states near the Fenni level 
'~re also identified. Further characterisation work on other 
materials is possible with the apparattL<;, using AES to specify the 
surface tmOOr investigation, and another line of enquiry l'tUrth pursuing 
may be to obtain the dielectric response of ~le material froM the 
characteristic energy loss measurements. The energy loss Jlleasurernents 
carried out by transmissicn of high energy electrons have been used to 
detennine the energy loss flDlction Im (.::!) frOOl which the real and 
£ 
imaginary parts of the dielectric constant £ l' £2 have heen detennined 
for a rnateria120S • It l4/W1d he useful if £'1 and £2 could he similarly 
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'faterial 
J\u 
''0 
Hi 
TAm.J: 10-1 
Calculated volume plasMon 
. 
Energ;r of VP electrons (~V) 
2~. 7 (Sdl1 + 65') 
21.9 (4J5 + 55') 
IS. 1 (55 2 + Sp'» 
13.9 (652 + 6o~) 
2'1.4 (Sb (S5~ + 5p3) 2 
+ r)(2s 2 + 2p 4) 3) 
17.8 (Sb (55 2 + Sp3) 2 
+ 0(25 2 + 2p 4) 3) 
19.6 (Bi (652 + 6p3) 2 
2 4 
+ 0 (25 + 2p ) 3) 
()~)5ervcJ vollU1e Plasmon 
fnerg;r (e'.') 
25.1 
22.6 
lS.~ 
15.5 
20.2 
18.4 
13.2 
(lctennineJ over a wide energy range frm t!1e retl~ction eneI;;)' loss 
rneaSl1rements. 
T.le characteristic losses of dlranilf1l and tungsten may he \'lnrt~l 
investigating to compare with the results ohtained on 1ll01yhclemlJl1 in 
this thesis. 8£ particular interest would he the nossib1e detection 
of the surface plasllDn and a second type of volUMe plasMon as "'as 
identified for mo1yhdemnn. 
By detecting the vo1tune plasnon of a material in the dlaracteristic 
energy loss measurements the presence of a phase of that rlateria1 can he 
identified as Has shown by detectin~ the Sh volume I'la5JT\on in the loss 
rreasurements on ant irony oxide. In this respect CELS JTlay complement the 
results ohtained fran ADS and it is suggested t.1}at lvhenever .t\ES studies 
are perfomed 00 a surface containing a munber of elements CELS studies 
also 11e rerfomed and these may yield additional useful infonnaticn. 
It is suggested that an e1ectrrnl gun capable of operatin~ at 1rn~er 
voltages (50 - 100 eV) ,dth high beaM currents (up to lOuA) be 
incorporated into the apparatus to carry out characteristic energy 
loss measureMents. The present gtm did not function ,vell at these 10\" 
energies. The advantages of a low energy gun are that it is JTl)re 
surface sensitive, the analyser is operating at a much better energy 
resolution and the excitation of nru1tip1e p1asmcn features does not 
QQ dominate the loss spectrum, see Rowe et a1 (1975)". 
In St.lJ)'(;1ary the work presented in this thesis has described the 
successful design and construction of a suitable spectroneter operating 
in ultra high vacuum enviroIll'OOnt and capable of investi~ating solid 
surfaces. TIlis instrument ''Ias used to study a m.unber of materials and 
the Auger spectra and characteristic energy losses of Au, '10, Sl), ~h2()3' 
/\n adsorption study was also 
nerfonned and the thesis concludes with suggestions for future ''-'Ork. 
154 
REFERENCES 
1 Tamm, Phys. Z. SU., 1, 733, (1932). 
2 V. Heine, Surf. Sei., 2, 1-7, (1964). 
3 Science Research Cmmcil Sunmer School on Surface Science, Warwick 
University, (July, 1974). 
4 Vaan.on Generators Ltd., Char1woods Road, East Grinstead, Sussex, 
RH19 2HR, Fng1and. 
5 L. A. Harris, J. of App1. Phys., 39 (3), 1419, (1968). 
6 T. E. Gallon, J. A. D. Matthew, Reviews of Physics in Tecimo1ogy, 
3, 18, (1972). 
7. K. Seigbahn et aI, "ESCA - Atanic, Molecular and Solid State 
Structure Studied by means of Electron Spectroscopy' , , Almquist and 
Wickse11, Upsa11a, Sweden, (1967). 
8 E. W. MUller, Z. Phys., 131, 136, (1951). 
9 E. W. MUller, T.T. Tsmg, "Field Ion Micros copy' , E1sevier, New York, 
(1969) • 
10 R. L. Park, J. E. Houston, D. G. Shreiner, Rev. Sci. Instr., 41, 
1810, (1970). 
11. R. L. Park, Surf. Sci., 48, 80, (1975). 
12 H. D. Hagstrun, ~ys. Rev., 1rD, 495, (1966). 
13 C. J. Powe11, Surf. Sci., 44, 29, (1974). 
14 P. Auger, J. Phys. Radium, 6, 205, (1925). 
15 E.H.S. Burhop, "Auger and other Radiation1ess Transitions" 
(Cambridge monographs m Physics), (1952). 
16 J. Lander, Phys. Rev., 91, 1382, (1953). 
17 L. A. Harris, J. App1. Phys., 39, 1428, (1968). 
18 R. E. Weber, W. T. Peria, J. App1. Ahys., 38, 4355, (1967). 
19 P. W. Palmberg, P2901 - 2918 of "Structure and Chemistry of Solid 
Surfaces". Ed. G. A. SoJOOrjai, tli1ey, New York, (1969). 
20 P. W. Pa1mberg, G. K. Bolll1, J. C. Tracy, Appl. Phys. Lett., 15, 
254, (1969). 
21 C. C. Chang, Surf. Sci., 25, 53, (1971). 
22 J. C. Tracy, 1972 Nato SlD111ler School, Gent, Be1gitun. 
23 E. N. Sickafus, J. Vac. Sci. Techno1., 11(1), 299, (1974). 
24 D. F. Stein, J. Vac. Sci., Techno1., 12(1), 268, (1975). 
25 A. Barrie, J. E1ec. Spec., 7, 75, (1975). 
26 J. J. Mackeyet aI, J. Phys. B , 7(16), L447, (1974). 
27 L. Vie1 et aI, Surf. Sci., 54,635, (1976). 
28 R. G. ~t5ket et aI, App1. Phys. Le1t., 20, 455, (1972). 
29 K. O. Groeneve, Vacuum, 25(1),9, (1975). 
30 J. A. Beardon, A. F. Burr, Rev. Hod. Phys., 39, 125, (1967). 
31 K. D. Servier, "Low Energy Electron Spectronetry", Wi 1ey , (1972) • 
32 M. E. Packer, J. M. Wi1son, "Auger Transitions" Unwin Press Ltd., 
(1973) • 
33 I. Be rgs tran , R. D. Hill, Arbi v. Fysik, 8, 21, (1954) • 
34 M. F. Chtmg, L. H. Jenkins, Surf. ScL, 22, 479, (1970). 
35 W. A. Coghlan, R. E. C1aus ing , Surf. Sci., 33, 411, (1972) • 
36 W. A. Cog]llan, R. E. C1ausing, "A Catalogue of Calculated Auger 
transitions for the Elements". Oak Ridge Natima1 Laboratory, Oak 
Ridge, Te:rmessee, 31830. 
31 D. A. Shir1ey, Phys. Rev., A7, 1520, (1973). 
38 E. D. Roberts, P. Neightman, C. E. Johnsm, J. Phys. C, 8 (8), 
1301, (1975) • 
39 E. D. Roberts, P. Weightman, C. E. Johnson, J. Phys. C, 8 (14), 
2336, (1975) • 
40 J. A. D. Matthews, Surf. Sci., 40, 451, (1973). 
41 E. J. Mcguire, Phys. Rev., A3, 1801, (1971). 
42 E. J. Mcguire, Phys. Rev., A3, 1587, (1971). 
43 E. J. Hcguire, Phys. Rev., AS, 1043, (1972). 
44 J. C. Tracy, Surf. Sci., 38, 265, (1973). 
45 J. H. Neave, C. T. Foxon, B. A. Joyce, Surf. Sci., 29,411, (1972). 
46 T. Gallon, J. Phys. D., 5, 822, (1972). 
47 F. Meyer, J. J. Vrakking, Surf. Sci., 33, 271, (1972). 
48 M. L. Tarng, G. K. Wehner, J. App1. Phys., 44, 1534, (1973). 
49 F. Meyer, J. J. Vrakking, Surf. Sci., 47, 50, (1975). 
50 P. W. P1amberg, App1. Phys. Lett., 13, 183, (1968). 
51 M. Su1eman, Ph. D. Thesis, Physics Dept., University of Kee1e, 
(1971) • 
52 P. Harris, Ph. D. Thesis, Physics Dept., University of Kee1e, 
(1972) • 
53 B. Wright, Ph.D. Thesis, Physics Dept., lhiversity of Kee1e, 
(1974) • 
54 B. Wright, E. B. Pattinsan, J. Phys. F, 3, 1237, (1973). 
SS B. D. Powe11, D. P. Woodruff, B. W. Griffiths, J. Phys. E, 8, 548, 
(1975). 
56 Physical Electronics Industries, 7317 South Washington Avenue, 
Edina, ~tinnesota 55435, U.S.A. 
57 R. Bouwman et aI, Vacuum, 23(5), 169, (1972). 
58 H. J. Mlthieu, D. L ando It , Surf. SeL, 53, 228, (1975). 
59 J. V. Florio, W. D. RObertson, Surf. Sci., 18, 398, (1969). 
60 R. G. Mlsket, J. Ferrante, J. Vac. Sci. Teclmol., 7, 14, (1970). 
61 D. C. Jacksm, T. E. Gallon, A. Chambers, Surf. Sci., 36, 381, (1973). 
62 R. E. KiThy, D. Lichman, Surf. Sci., 41, 447, (1974). 
63 F. J. Szalkowski, G. A. Sanorjai, J. Chem. Phys., 61(5), 2064, 
(1974) • 
64 T. W. Haas, J. T. Grant, G. J. Dooley, J. App1. Phys., 43(4), 1853, 
(1972) • 
65 J. M. Baker et aI, J. Vac. Sci. Techno1., 9(2), 792, (1972). 
66 A. Barrie, J. E1ec. Spectro., 7, 1, (1975). 
67 J. S. Solonan, W. L. Balm, Surf. ScL, 51, 228, (1975). 
68 P. H. Ho11oway, Surf. Sci., 54, 506, (1976). 
69 G. W. Simmons, D. J. Dwyer, Surf. Sci. 48, 375, (1975). 
70 K. L. Wang, A. Joshi, J. Vac. Sci. Techno1., 12,927, (1975). 
71 M. Seo et aI, Surf. Sci., SO, 541, (1975). 
72 s. P. Kowa10zyk et aI, Phys. Rev., B8, 2387, (1973). 
73 T. Gallon, J. A. D. Matthews, Phys. State Sol., 41, 343, (1970). 
74 A. P. Jansen et al, Surf. Sci., 47(1), 45, (1975). 
75 A. P. Jansen et aI, Surf. Sci., 49, 143, (1975). 
76 P. H. Citrin, J. E1ec. Spectro., 5, 273, (1974). 
77 F. Meyer, J. J. Vrakking, Surf. Sci., 45, 409, (1974). 
78 E. N. Sickafus, Phys. Rev., B7, 5100, (1973). 
79 G. F. Ame1io, Surf. Sci., 22, 301, (1970). 
80 M. Salmeron, A. M. Baro, Surf. Sci., 49, 356, (1975). 
81 P. J. Bassett, Surf. Sci., 35, 63, (1974). 
82 R. W. Joyner, M. Wyn Roberts, J. Chem. S., F1, 69(7), 1242, (1973). 
83 M. Sa1meroo, A. M. Baro, J. M. Rojo, J. Phys. F. (G.B.) 5(4), 826, 
(1975) • 
84 N. A. Gjostein, N. G. Chauka, J. Testing and Evaluation, 1(3), 
183, (1973) • 
85 D. F. Stein, J. Vac. Sci. Techno1., 12(1), 275, (1975). 
86 S. W. Pepper, J. App1. Phys., 45(7), 2947, (1974). 
87 A. Van Oostraa, L. A. West, J. Vac. Sd. Technol., 13(1), 224, 
(1976) • 
88 J. R. Noonan et al, J. Vac. Sci. Techno1, 13(1), 183, (1976). 
89 L. Mcdamell, D. P. Woodruff, B. W. Holland, Surf. Sci., 51, 249, 
(1975) • 
90 M. F. MoyatDC, "Solid State PlasJIBs". (Londm, Pion) (1970). 
91 H. Raether, Springer Tracts in ~1odern Physics, 38, 84, (1965). 
92 D. Pines, "Elementary Exci tat ions in Solids", Benjamin, (1963). 
93 J. J. Quinn, Phys. Rev., 126(4), 1453, (1962). 
94 E. Rudberg, J. C. Slater, Phys. Rev., 129(4),1550, (1964). 
95 H. R. Phi11ip, H. Ehrenreich, Phys. Rev., 129 (4), 1550, (1964). 
96 R. H. Ritchie, Phys. Rev., 106, 874, (1957). 
97 E. A. Stern, R. A. Ferre11 , Phys. Rev., 120, 130, (1960). 
98 R. H. Ritchie, Surf. Sci., 34, 1, (1973). 
99 J. E. Rowe, Surf. Sci., 48,44, (1975). 
100 A. J. Braudmeier, D. G. Hall, Surf. Sci., 48, 44, (1975). 
101 H. Raether, Surf. Sci., 8, 233, (1967). 
102 J. E. Rowe, H. Ibach, H. Froitzheim, Surf. Sci., 52(2), 281, 
(1975) • 
103 J. L. Powe11, Proc. Phys. Soc., 79, 119, (1962). 
104 B. M. Hart1ey, J. B. S\tI8Il, Aus. J. Phys., 23, 655, (1970). 
105 E. A. Bakalin et aI, Sov. Phys. - Solid State, 13(10),2536, (1972). 
106 M. D. Rechtin, B. L. Averbach, Phys. Rev., B9(8), 3464, (1974). 
107 D. A. Porter, P. Doig, J. W. Edington, Philos. Mag., 29,437, 
(1974) • 
108 P. E. Best, Proc. Phys. Soc., 79, 133, (1962). 
109 L. Harton, L.B. Leder, Phys. Rev., 94, 203, (1954). 
110 H. Watanabe, J. Phys. Soc. Japan, 9, 1035, (1954). 
111 G. Mb11enstedt, Optik, 5, 499, (1949). 
112 T. T. Katcnak, R. L. Hengeho1d, J. Appl. Phys., 46(10), 4294, 
(1975) • 
113 R. L. Hengeho1d, F. L. Pedrotti, J. App1. Phys., 46(12), 5202, 
(1975) • 
114 H. Luth, G. J. Russe11, Surf. Sei., 45, 329, (1974). 
115 R. Ludeke, L. Esaki, Phys. Rev. Lett., 33(11), 653, (1974). 
116 J. E. Rowe, Sol. St. Commun., 15, 1505, (1974). 
117 Ferranti, Gem Mill, Chadderton, Oldham, Lancs. 
118 Associated Electrical Industries (A.E.I.), P.O. Box 1, Edinburgh 
Way, Harlow, Essex, England. 
119 20th Centuty Electronics Ltd., King Henry's Drive, New Addington, 
Croydon, CR9 OB6, England. 
120 Perfectim Mica Company, 740 Thanas Drive, Bensenville, 111. 
60106, U.S.A. 
121 Superior Electronics Ltd., U.S.A. 
122 Nuclear Products Co., 15635 Saranac Road, Cleveland 10, Ohio, U. S.A. 
123 The assistance of Mr. W.R.C. Stewert is acknowledged in the 
construction of this device. Physics Dept., University of Keele, 
Staffordshire. 
124 R. K. Fitch, T. J.t.tlvey, W. J. Thatcher, A. H. HcIlraith, J. Phys. 
D. Appl. Phys., 3, 1399, (1970). 
125 R. K. Fitch, T. Hu1vey, W. J. Thatcher, A. H. ~1cI1raith, J. Phys. 
D, App1. Phys., 4, 553, (1971). 
126 E. Blauth, Z Physik, 147, 288, (1957). 
127 H. Z. Sar-E1, Rev. Sci. Instr., 38(9), 1210, (1967). 
128 v. V. Zashkvara, M. I. Korstm.skii, 0. S. Kosmachev. Soy. Phys. -
Technical Phys., llf1), 96, (1966). 
129 Mul1ard Ltd., Mu11ard Hoose, Torrington Place, Lmdon, WC1E 7HD. 
130 Brookdea1 E1ecttmics Ltd., Market Street, Bracknell, Berks, 
RG12 IJU, England. 
131 M. P. Sellh, Reprint, N.P.L., Teddington, U.K. 
132 D. L. Arnott, J. A. Ramsey, Vacuum, 22(9),355, (1972). 
133 H. E. Bishop, I. P. Coad, J. C. Riviere, J. Electron. Spec., 1, 
389, (1972/3) • 
134 F. Meyer, J.J. Vrakking, Surf. ScL, 45,409, (1974). 
135 D. F. Stein, A. Joshi, R. P. Laforce, Transactions of the 
American Society of Metals, 62, 776, (1969). 
136 G. Betz et aI, J. App1. Phys., 45(12), 5312, (1974). 
137 J. P. Goad, J. G. Cunningharn, J. E1ec. Spec., 3, 435, (1974). 
138 Grade A diamond paste, supplied by the Struers Canpany, 
Copenhagen, Denmark. 
139 John Cashmores Ltd., Upper Brook Street, Wa1sall, Staffordshire. 
140 ''Handbook of Auger E1ectrcn Spectroscopy' by P. W. Palmberg et al 
Published by Physical E1ectrcnics Industries, 7317, South 
Washington Avenue, Edina, Minnesota, 55435, U.S.A. 
141 J. P. Goad, J. C. Riviere, U.K.A.E.A. Research report AERE - R6589 
Harwell, (1970). 
142 K. Ueda, R. Shimizu, Surf. Sci., 43, 77, (1974). 
143 T. W. Haas, J. T. Grant, G. J. Ibo1ey, Phys. Rev. B, 1, 1449, 
(1970) • 
144 D. G. Fedak, J. V. Florio, W. D. Robertson, Paper 74 in "Structure 
and Olemistry of Solid Surfaces", Ed. G. A. Saoorjai, (Wi1ey, New 
York, 1969). 
145 P. W. Palmberg, T. N. Rhodin, J. App1. Phys., 39, 2425, (1970). 
146 - Johnson Matthey ~tals Ltd., 81 Hatton Garden, London, EC1P lAB. 
147 I. Lindau, L. Wi1son, Phys. Lett., 4ZA, 279, (1972). 
148 J. Preeouf, M. Erbudak, D. E. Eastman, Solid St. CCIl1I1Im., 13, 
771-3, (1973) • 
149 P. J. Bassett, Surf. Sci., 35, 63, (1973). 
150 J. L. Robins, Proc. Phys. Soc. (Land.), 78, 1177, (1961). 
151 C. J. Powe11, Phys. Rev., 175(3), 972, (1968). 
152 B. R. Cooper, H. Ehrenreich, H. R. Phi1lip, Phys. Rev., 138, 
A494, (1965) • 
153 L. R. Canfie1d, G. Hass, W. R. Hmter, J. Phys., 25, 124, (1964). 
154 G. J. Barnes et aI, J. E1ectrochernica1 Soc., 119(6),684, (1972). 
155 S. Thomas, T. W. Haas, Surf. Sci., 28, 632, (1971). 
156 S. Thomas, T. W. Hass, J. Vac. Sci., Teclmol., 9 (2),840, (1972). 
157 A. G. Jackson, M. P. Hooker, Surf. Sci., 28, 373, (1971). 
158 A. G. Jackson, M. P. Hooker, Surf. Sci., 27, 197 (1971). 
159 T. Kawai, K. Ktmimori, T. KonOO , T. Onishi, K. Tamaru, Phys. Rev. 
Lett., 33(9), 533, (1974). 
160 K. Kunimori et aI, Surf. Sci, 54, 525, (1976). 
161 R. M. Lambert, J. W. Linnett, J. A. Schwarz, Surf. Sci., 26, 372, 
(1974) • 
162 ~L P. Hooker,.J. T. Grant, J. Vac. Sci. Techno1., 12(1), 325, 
(1975) • 
163 T. W. Haas, J. T. Grant, G. J. Doo1ey, J. App1. Phys., 43(4), 
1853, (1972) • 
164 Murex Ltd., Rainham, Essex. 
165 T. Mlrotani et aI, Proc. 2nd. International Conf. on Solid Surfaces, 
Jap. J~l. Phys. Supp1. 2 Pt. 2, (1974). 
166 R. Ducros et aI, Surf. Sci., 54, 513, (1976). 
167 K. Kunimori et aI, Surf. Sei., 46, 567, (1974). 
168 M. P. Hooker, J. T. Grant, T. W. Haas, J. Vac. Sci. Techno1., 12(1), 
325, (1975) • 
169 S. Thanas, E. B. Pattinscn, J. of Phys. D, 3, 1469, (1970). 
170 R. M. Lambert, J. W. Linnett, J. A. Schwarz, Surf. Sci., 26, 572, 
(1972) • 
171 T. Miura, Y. Tuzi, Proc. 2nd. INtematimal Conf. on Solid Surfaces, 
Jap. J. Appl. Phy., Supp1. 2 Pt. 2, 85, (1974). 
172 H. E. Bishop, J. C. Riviere, J. App1. Phys., 40, 1740, (1969). 
173 M. Gryzinski, Phys. Rev. , 115, 374, (1959) • 
174 M. Gryzinski, Phys. Rev. , 138, 305, (1965) • 
175 R. M. Lanbert, J. W. Linnett, J. A. Schwarz, Surf. Sci., 26, 
572, (1971) • 
176 K. Hayek et aI, Surf. Sci., 10, 429, (1968) • 
177 A. M. Morgan, D. A. King, Surf. Sci., 23, 259, (1970). 
178 V. V. Zashkvara et aI, Sov. Phys. - Solid State, 11(12), 30383, 
(1970) • 
179 V. V. Zashkvara, V.S. Red'kin, Sov. Phys. - Solid State, 14(9), 
2410, (1973). 
180 G. A. Harrower, Phys. Rev., 102,340, (1956). 
181 T. Kawai, K. K1.mimori, T. Kondow, T. Wshi, K. Tarnaru, J. Chem. 
Soc., Faraday Trans., I(G.B.), 70(1), 137, (1974). 
182 D. W. Juen1er, L. J. Le Blanc, C. R. Martin, J. of Opt. Soc. of 
America, 58(2), 164, (1968). 
183 J. H. Weaver, D. W. Lynch, C. G. 01son, Phys. Rev. B, 10(2), SOl, 
(1974). 
184 I. Petroff, C. R. Viswanathan, Phys. Rev. B4, 799, (1971). 
185 J. Lecante, International Sympositln on Adsorption Desorption 
phenomenon, April 1971, Florence, Italy. 
186 E. A. Taft, H. R. Phi11ip, Phys. Rev., A138, 197, (1965). 
187 J. M. Burkstrand, F. M. Propst, T. L. Cooper, D. E. Edwards, &lrf. 
Sci., 29,663, (1972). 
188 C. J. Powe11, Proc. Phys. Soc., 76, 593, (1960). 
189 Metals Research Ltd., Me1boum, Royston, Herts., SG8 6EJ, U.K. 
190 ''Metals Reference Book", C. J. Smithells, Butterworths, Lmdon, 
(1955) • 
191 J. C. Lemmier, J. Thomas, Mne S. Robin, J. Phys. E. (G.B.), 6(6), 
553, (1973). 
192 W. P. [llis, Surf. Sci., 41, 125, (1974). 
193 British Dnlg House Ltd., range of patinal tah1ets suitah1e for 
vactn.lJTl cieposi tion. Broom Road, Poo1e, J1orset, nI 112 4NN, lJ. K. 
194 T. Birchall, .T.C.S. Dalton Transactions, 2003, (1975). 
195 R. D. Powell, Surf. Sci., 57, 504, (1975). 
196 J. N. nlsen, Appl. Phys. Lett., 24(5), 220, (1974). 
197 Y. Ono et aI, .Jap. J. Appl. Phys. 12 (12), 1907, (1973) • 
198 C. Wehenke1, B. Gauthe, Solid St. Commun., 15, 555, (1974). 
199 B. Gauthe, C. Wehenkel, Phys. Lett. 39A, 171, (1972). 
200 P. Zacharias, Opt. Comm., R, 142, (1973). 
201 W. R. Hunter, D. W. Angel, R. Toussey, Appl. Opt., 4, 891, (1965). 
202 J. Toots, L. ~larton, J. Opt. Soc. Am., 59, 1305, (1969) • 
203 "Ilandhook of physiochemica1 properties of the elements" Dd. r,. v. 
Samsonov. (I.F.I./01enum), (1968). 
204 A. Ignatievet aI, Phys. Rev. B., 11(12),4787, (1975). 
205 U. Bucchner, J. Phys. C, 8(17),2679, (1975). 
206 '1. K. Bah1 et aI, J. Chem. Phys., 64(1) J 1210, (1976). 
